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Abstract 
Aerosol direct radiative forcing on climate is significant but highly uncertain. 
Carbonaceous aerosols, composed of black carbon (BC) and organic carbon (OC), are 
important to understand aerosol radiative forcing due to their prevalence in the 
atmosphere. Biofuel combustion is responsible for nearly 20% of primary BC and OC 
emissions, but this source is relatively unstudied. Both emissions and optical properties 
(especially absorption) of carbonaceous aerosols from biofuel combustion need to be 
better characterized to estimate climate impact of biofuel combustion in models. 
An experimental method was developed to examine light absorption by primary OC 
emitted from wood combustion and to provide realistic imaginary refractive indices to 
radiative-transfer models. Water-soluble OC contributed to light absorption at both 
ultraviolet and visible wavelengths. However, a larger portion of the absorption came 
from OC that is not extractable by water but by methanol. Higher wood temperature is 
the main factor creating OC with higher absorption when compared to wood size and 
type.  
Mass absorption cross-section (MAC) of BC is an essential variable in climate models. 
MAC for ambient BC from literature is 10.3±4.2 m2/g. Filter-based absorption methods 
provide more variant and higher MAC than in-situ absorption measurement. Semi-
continuous mass analyzers measure higher MAC than sample-integrated mass 
measurements. Thermal transmittance method measures higher MAC than the methods 
which remove OC prior to mass analysis. BC MAC reduces by 13-40 percent when OC is 
removed by a thermal denuder upstream of the BC measurement.  
Biofuel combustion is a highly variable source. Emission fingerprint approach was 
developed and used to compare emissions from different combustion activities. Improved 
cookstoves reduce emissions by eliminating formation of OC with high SSA, which 
occurs at low combustion efficiency. In the laboratory a large part of emission is missing 
for particles with greater SSA which generally produces under low combustion efficiency 
and we should seek for a way to add this part in the future cookstove testing. 
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I also established the groundwork of data processing for the newly developed cookstove 
sampling system and interpreted the emission data obtained from in-field cookstove tests 
in Africa and South Asia. Results show that improved cookstoves may be more fuel 
efficient, but combustion still needs to be cleaner. Gasifier stoves in India have the lowest 
PM emission factors of 1 g/kg fuel. 
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1 Background and motivation of the research 
Global climate change has been an important environmental issue for decades. There is 
now evidence of climate change from observations of increase in global average 
temperature, continuing retreat of glaciers, permafrost and sea ice and rising of global 
average sea level. According to the 2007 Fourth Assessment Report (AR4) of the 
Intergovernmental Panel on Climate Change (IPCC), global temperature has increased by 
0.56-0.92°C between the year 1906 to 2005 (IPCC, 2007). Other than greenhouse gases 
(GHGs), which are widely known as the cause for global warming, aerosols also affect 
the global climate system both through direct interaction with sunlight and indirect effect 
on clouds. The climate impact of aerosols is less understood compared with GHGs, and 
aerosols remain a source of great uncertainties in atmospheric and climate science. 
Uncertainties come from the estimation of the total atmospheric burden of aerosols, 
aerosol optical properties and the magnitude of the interaction with clouds. The 
uncertainties have to be reduced to better characterize the effects of aerosols in the global 
climate system. 
1.1 Aerosols and climate 
Aerosols are liquid or solid particles suspended in the atmosphere, with typical diameters 
ranging from a few nanometers (10-9m) to a few tens of micrometers (10-6m). Aerosol 
can affect the climate by modifying the earth’s radiation balance both directly and 
indirectly (Figure 1.1). The direct effect is dependent on the optical properties of 
aerosols, i.e., scattering and absorption of shortwave solar radiation. The amount of light 
scattered or absorbed determines whether aerosol has a cooling or warming effect. 
Absorption of light, a component of light extinction, is special in two ways. First, it 
causes warming of the entire Earth system and atmospheric heating, whereas 
backscattering – the other larger component of extinction - causes cooling. Second, only 
a few types of aerosols, specifically carbonaceous particles and mineral dust, absorb solar 
radiation. Visible light absorption is important for direct radiative forcing, since 42% of 
solar energy is distributed within visible range between 380nm and 750nm, with about 6-
7% in the ultra-violet (UV) range. Absorption in the UV range is also important, since it 
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may affect photochemistry and thus reduce tropospheric ozone concentration (Jacobson, 
1999). This absorption also affects the global climate system because tropospheric ozone 
is a greenhouse gas. 
Aerosols also have indirect effects on climate by serving as cloud condensation nuclei 
(CCN) and ice nuclei. The number concentration and hygroscopic properties of aerosols 
induce effect on the cloud droplet number concentration and the cloud droplet size, which 
could potentially modify the radiative properties of the cloud. This effect is known as the 
“cloud albedo effect” and leads to cooling of the atmosphere (Twomey, 1977; Lohmann 
and Feichter, 2005; Ramanathan et al., 2001). Small cloud particles can also decrease 
precipitation efficiency and thus prolong cloud life time. This is known as the “cloud 
lifetime effect” and cools the atmosphere because longer-lived clouds reflect more light 
(Lohmann and Feichter, 2005; Albrecht, 1989; Ramanathan et al., 2001). Furthermore, 
absorbing aerosols in the troposphere warm the atmosphere and change the stability of 
the troposphere. This is referred to as the “semi-direct” effect (Ackerman et al., 2000; 
Johnson et al., 2004). A recent review on black carbon (the most absorbing aerosol) 
semi-direct effects may cool the Earth by increasing cloud cover due to increased 
stability (Koch and Del Genio, 2010).  
 
Figure 1.1 Aerosol direct and indirect effect on climate (Forster et al., 2007). 
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Aerosol concentrations are highly variable in space and time and the lifetimes of aerosols 
are generally 1-2 weeks. Therefore, aerosol radiative forcing is stronger near 
anthropogenic sources.  
The direct effect and cloud albedo effects on Earth’s energy balance can be quantified by 
radiative forcing as discussed below, while the semi-direct and cloud life time effects 
cannot be easily quantified by forcing because the processes involve feedbacks or 
interactions between aerosol and climate system. Radiative forcing (RF) is defined by the 
IPCC AR4 (Forster et al., 2007) as:   
The change in net (down minus up) irradiance (solar plus longwave; in 
W/m2) at the tropopause after allowing stratospheric temperatures to readjust 
to radiative equilibrium, but with surface and tropospheric temperatures and 
state held fixed at the unperturbed values… 
RF can be evaluated at the surface, in the atmosphere or at the top-of-the-atmosphere 
(TOA). The concept of TOA RF has been used extensively in the climate research 
community over the past decades and also in the IPCC report for policy analysis. As 
computed in general circulation models (GCMs), changes in global mean surface 
temperature are largely determined by global mean TOA RF, although the relationship is 
still uncertain for different forcing components (Hansen et al., 1997; Chung and Seinfeld, 
2005; Forster et al., 2007). A negative TOA RF implies cooling of the total Earth system 
(including atmosphere and surface), while positive forcing implies a warming effect. In 
AR4, the estimated aerosol direct RF is -0.5 ± 0.4 W/m2, and the mean RF for cloud 
albedo effect is -0.7W/m2 with a range of -0.3 to -1.8 W/m2. The overall forcing by 
aerosols is negative (cooling) with a median of -1.3 W/m2 and a range of -2.2 to -0.5 
W/m2, and it is significant compared to the positive forcing by greenhouse gases 
(+2.63±0.26 W/m2 for all long lived greenhouse gases and 1.66±0.17 W/m2 for CO2). 
However, aerosols do not simply exert compensating effect on climate because of the 
different spatial and temporal distribution of aerosols and gases. Figure 1.2 shows the 
aerosol RF for major components as reported in 2007 IPCC AR4. Most types of aerosols 
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exert a negative (cooling) forcing, except for black carbon which exerts a positive 
(warming) forcing.  
 
Figure 1.2 Aerosol RF for different components in IPCC AR4 (Forster et al., 2007). Values represent 
RF in 2005 due to emissions and changes since 1750. 
Besides the global average radiative forcing, aerosols affect both global and regional 
climate in other ways (Ramanathan et al., 2001). Aerosols contain large concentrations 
of small CCN, which could nucleate many small cloud droplets, for which coalescence 
into raindrops is normally inefficient. From satellite observations, it was found that 
aerosols from urban and industrial air pollution inhibited both cloud droplet coalescence 
and ice precipitation (Rosenfeld, 1999, 2000). Absorbing aerosols reduce the solar 
radiation arriving at the surface, warm the atmosphere and thus affect the vertical 
temperature profile, evaporation, latent heat fluxes, atmospheric stability and the strength 
of convection. These factors can further affect the global hydrological cycle, regional 
precipitation and temperature (Chung and Seinfeld, 2005; Menon et al., 2002; 
Ramanathan et al., 2001). Furthermore, the suppression of precipitation, the main 
removal mechanism of aerosols, prolongs aerosol lifetime, which further enhances the 
aerosol climate impact.  
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Unlike GHGs of which the climate impact is fairly well understood, aerosol climate 
impact hasn’t been quantified adequately yet. The assessed level of scientific 
understanding of aerosol climate effect remains low. (Forster et al., 2007). Direct aerosol 
RF has been studied via ground-based and satellite observations as well as global 
modeling, however, large uncertainties are still associated with emission sources and 
their vertical structure, aerosol optical properties, the mixing state of absorbing and non-
absorbing aerosols (externally, internally or core-shell mixing) and separation from 
natural background aerosol. Aerosol cloud effects are modeled in some GCMs models. 
Some key uncertainties in the cloud albedo effect are the lack of direct observational 
constraints on global forcing, and the relationship between particle number and CCN 
activity. The prediction of precipitation and water budget due to cloud lifetime and semi-
direct effect is still challenging (Forster et al., 2007).  
The goal of my research is to contribute to reducing the uncertainties in estimating 
aerosol DIRECT RF for specific types of aerosols – carbonaceous aerosol – as discussed 
below. Indirect and semi-direct effects will not be a focus in the discussions hereafter, 
although this research may partially contribute to the understanding of these effects as 
well by providing some of the chemical and optical properties required to model them.  
1.2 Carbonaceous aerosols  
Carbonaceous aerosols are composed of black carbon (BC) and various types of organic 
carbon (OC). Carbonaceous aerosols are important in aerosol direct RF because of their 
prevalence in the ambient atmosphere and the ability of BC and some OC to absorb solar 
radiation which could warm the atmosphere.  
Carbonaceous aerosols contribute around 20-60 percent of ambient aerosol mass in both 
rural and urban areas and in continental outflow (Table 1.1). Both primary BC and OC 
are co-emitted from the incomplete combustion of carbon-containing fuels. BC is black 
particles with a graphitic microstructure, and it is generally formed by incomplete 
combustion of gaseous hydrocarbons in high-temperature flames. OC is a complicated 
mixture containing hundreds of organic compounds. Primary OC is formed by 
condensation and polymerization of low-volatility organic compounds that are originally 
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released as vapor during low-temperature, flameless surface oxidation of fuel. Organic 
aerosols can also be formed secondarily (SOA) in the atmosphere by oxidation of volatile 
organic compounds and the condensation of products onto existing aerosols.  
Table 1.1 Mass fraction of carbonaceous aerosols (OC and BC) in total PM. 
Particle 
size * 
Mass fraction  
Citation Sample description 
OC BC 
PM 2.5 47-55 2-3 (Molnar et al., 1999) Rural, Hungary 
PM 2.5 30-34 7-8 (He et al., 2001) Urban, China 
PM 2.5 13-18 2-6 (Meng et al., 2007) Urban, China 
PM 10 36 11 (Krecl et al., 2007) Residential, Sweden  
PM 2.5 15.3 5.9 
(Lin and Tai, 2001) Urban, Taiwan 
PM 10 12.8 5.3 
PM 2.5 9-14 8-15 (Lee and Kang, 2001) Residential, South Korea 
PM 1 34-48 10-16 (Gabriel et al., 2002) Over the India Ocean 
PM 1 ~18-22 ~1-2 
(Quinn and Bates, 2003) 
Asia 
PM 1 ~50 ~1 Eastern U.S. 
* PM 1, PM 2.5 and PM 10 represent for the particulate matters (PM) with diameters less than 1mm, 2.5mm 
and 10mm respectively. 
BC is known to be the most absorbing aerosol at visible wavelengths. Because it absorbs 
incident sunlight, it reduces solar radiation that reaches the surface and warms the 
atmosphere by transferring that absorbed energy. Schulz et al. (2006) modeled BC direct 
radiative forcing with different models by applying identical BC emissions (AeroCom, 
Aerosol Comparisons between Observations and Models), and obtained BC RF as 
0.25±0.08 W/m2, compared with 0.44±0.13 W/m2 as reported by other studies. The AR4 
summarized all of the reported values and provided estimated the direct RF of BC as 
0.34±0.25W/m2 (Forster et al., 2007). BC RF is found to be different when different BC 
mixing states are assumed. When BC was considered as a coated core, the modeled RF 
was twice of that modeled when BC was considered as externally mixed with other 
aerosols, 0.54 vs. 0.27 W/m2 as reported by Jacobson (2000). Moreover BC absorbs light 
when deposited on snow and therefore lowers the snow albedo and promotes snow and 
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ice melting (Hansen and Nazarenko, 2004), and the estimated additional RF due to 
change in snow albedo is +0.1±0.1 W/m2. Flanner et al. (2007) conducted a detailed 
study on BC snow albedo which treated coupled snow aerosol heating and snow aging, 
and estimated BC/snow surface RF as +0.043 W/m2 from fossil fuel and biofuel sources 
and 0.033 W/m2  from fossil fuel emission only. Reported BC direct RF varies among 
different models due to the uncertainties related with BC emission, size distribution, 
optical properties and lifetime (Koch et al., 2009), and these factors have to be better 
understood and parameterized in models.  
With such large forcing and a short atmospheric lifetime, BC reduction may be 
considered as an effective way to slow anthropogenic global warming in a short-term 
period, especially for developing countries (Bond and Sun, 2005; Jacobson, 2002; 
Hansen and Sato, 2001). However, the mitigation strategy is still under scientific 
argument due to the uncertainties in quantifying BC RF (Bond and Sun, 2005). Therefore, 
a more accurate estimation of BC RF is desired.  
OC has been considered as primarily scattering light, cooling the Earth. The IPCC 2007 
AR4 estimated OC direct RF as -0.19±0.20W/m2. In recent years, a new classification - 
brown carbon - has been discussed as a class of light-absorbing OC. This material 
appears light brown to yellowish, and not as black as pure soot particles. Brown carbon 
can either be directly emitted from combustion fossil fuel and biomass (Patterson and 
McMahon, 1984; Bond, 2001; Kirchstetter et al., 2004; Andreae and Gelencser, 2006; 
Chen and Bond, 2010) or formed by aging of primary OC such as oxygenation, 
photochemical reaction and reaction with other compounds (Gelencser et al., 2003; 
Noziere et al., 2007; Sareen et al., 2010; Shapiro et al., 2009). Despite its chemical 
complexity and the fact that  certain types of OC absorb light, OC has been treated as a 
single compound with invariant optical properties in models (Liousse et al., 1996; Cooke 
et al., 1999; Chung and Seinfeld, 2002; Ming et al., 2005). The refractive indices of OC 
are assumed to be the same as those of “water-soluble” aerosols (Chung and Seinfeld, 
2002; Ming et al., 2005), while in some models, OC is treated as non-absorbing with a 
zero imaginary refractive index (Haywood et al., 2003; Myhre et al., 2003; Myhre et al., 
2007).  
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1.3 Biofuel combustion 
60% of the primary BC and 91% of primary OC are emitted globally in the combustion 
of biomass. Biomass combustion includes biofuel combustion (biomass used for heating 
or cooking) and open vegetative burning (uncontrolled combustion of forests, croplands 
and grasslands). Bond et al. (2004a) estimated the global annual emissions of BC and 
primary OC as 8 Tg (1012 gram) and 34 Tg respectively. The contribution of biofuel and 
open vegetative burning were 19% and 74% respectively to total primary OC, and 19% 
and 41% to total primary BC (Figure 1.3).  
 
Figure 1.3 Contribution of difference sources of primary BC and OC (Bond et al., 2004a). Orange 
circles highlight the contribution of biomass burning including biofuel combustion and open 
vegetative burning. 
In the AR4 and the references therein, radiative forcing due to biomass combustion 
aerosols is grouped into a single RF, without further classification of emitted aerosol type 
(OC, BC or inorganic sulfate and nitrate) or emission source (biofuel combustion or open 
vegetative burning). The estimated RF was +0.03±0.12 W/m2 (Forster et al., 2007). The 
uncertainty of this estimation is large, and furthermore the combined near-zero RF is the 
sum of two larger opposing terms: positive forcing by BC and negative forcing by OC 
and other scattering aerosols. Therefore, even the sign of the RF due to biomass burning 
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aerosols is in question. A greater understanding of this term will result from studying 
biofuel combustion and open burning separately, since they are distinct in nature. 
Biofuel burned for cooking is a major source of primary carbonaceous aerosols, 20% of 
both black carbon (BC) and organic carbon (OC), and uncertainties in the emission 
quantities and properties affect the accuracy of global and regional emission inventories 
that are used to study aerosol effects on radiative transfer and long-range transport (Bond 
et al., 2004a; Streets et al., 2003; Reddy and Venkataraman, 2002; Aunan et al., 2009). 
The overall forcing by biofuel emissions has only recently been estimated separately in 
models, except for a few publications (Aunan et al., 2009; Koch et al., 2007; Unger et 
al., 2010). The first study estimated emission from Asia and reported a negative forcing 
of -0.01W/m2 while the latter one estimated a positive forcing of +0.07 and +0.13 W/m2 
for global biofuel emission respectively. Major uncertainties associated with forcing 
estimation come from emission quantities and optical properties of BC and OC. 
Biofuel combustion demonstrated a significantly higher BC/OC ratio (0.11 to 3.53) than 
did  open burning (0.06-0.14) (Venkataraman et al., 2005). The high BC content in 
emissions from biofuel combustion has the potential for significant climate impact in 
developing world regions where biofuel is extensively used, such as East Asia, South 
Asia and sub-Saharan Africa (Venkataraman et al., 2005; Bond et al., 2004b; 
Ramanathan and Carmichael, 2008). The reduction of emissions from biofuel 
combustion could provide a possible opportunity to reduce positive forcing. Again, in 
order to verify whether this strategy would actually mitigate warming, a more accurate 
estimation of overall forcing by biofuel emissions is necessary. Both BC and OC forcing 
need to be investigated since they are always co-emitted, and the negative forcing from 
OC could counteract the positive forcing from BC, and therefore the combined reduction 
of BC and OC emission may even cause an unintended  warming effect (Bauer et al., 
2010).  
BC and OC from biofuel combustion also affect human health (Bolling et al., 2009; 
Naeher et al., 2007). Although this aspect is not directly studied in my research, it is 
worth noting that efforts to reduce health impact will also have climate impact. In order 
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to improve indoor air quality and reduce health risks, traditional biofuel cookstoves have 
sometimes been improved with chimneys to have higher combustion efficiency to reduce 
particle emissions. However, the improvement could possibly result in higher BC 
emission (Roden et al., 2006; Roden et al., 2009), which enhances warming. It is 
important to find a way to balance the efforts made for improving human health and 
mitigating climate change. After all, one of the most important purposes for studying 
climate change is to improve the environment for human beings. 
Despite being a major source of carbonaceous aerosols, biofuel combustion is relatively 
unstudied compared with other main sources, such as open vegetative burning and diesel 
engines. Emission properties from open burning have been studied through large field 
campaigns such as South African Fire Atmosphere Research Initiative (SAFARI 92, ‐
(Andreae et al., 1996)), Transport and Atmospheric Chemistry Near the Equator-Atlantic 
(TRACE-A) over Brazil, Africa, and the South Atlantic (Fishman et al., 1996), Smoke, 
Clouds, and Radiation-Brazil (SCAR-B) in Brazil (Kaufman et al., 1998). Emission 
properties of diesel engine have been widely investigated by researchers as reviewed by 
Yanowitz et al. (2000) and Maricq (2007). As is shown in Section 2.4, measurements of 
emission properties from biofuel combustion have only been carried out with limited 
numbers, and even fewer of them measured specific types of carbonaceous aerosols. Lack 
of emission data leads to large uncertainties in global emission inventories of BC and OC 
from biofuel combustion, which is a crucial input of climate models. 
1.4 Motivation of the research 
Aerosol direct RF on climate is significant but highly uncertain. Carbonaceous aerosols 
(BC and OC) are important to understand aerosol direct RF due to their prevalence in the 
atmosphere. BC mainly absorbs light, warms the atmosphere and its reduction has the 
potential to slow global warming in a short term. However, BC is never emitted alone, 
and the mitigation strategy for a specific source of BC needs to be justified with the 
consideration of impact from co-emitted OC, which primarily scatters light, but with the 
existence of some light-absorbing OC as well. In order to identify how BC and OC 
sources affect global climate, more accurate estimation of direct and indirect impacts of 
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separate sources is desired. Under this overarching topic, my research will contribute to 
constrain the uncertainties on the DIRECT radiative forcing of carbonaceous aerosols 
especially with attention to biofuel combustion.  
Uncertainties associated with estimating direct RF have been briefly introduced in the 
previous three sections, and here we discuss uncertainties using a flowchart which shows 
the major components required to model total forcing (Figure 1.4).  
 
Figure 1.4 Model components and process for total forcing calculation (Bond et al., 2011). 
Four major components required to estimate direct RF include emission, lifetime, mass 
absorption cross-section and absorption forcing efficiency. Emission indicates the 
quantity of particulate pollutants which are released to the atmosphere from 
anthropogenic sources, and it is estimated from emission inventories. Lifetime governs 
how long will the aerosols stay in the atmosphere since they can be removed through 
different chemical reactions and transport mechanisms (e.g., deposition and scavenging). 
Physical and chemical properties of the aerosols are required to determine aerosol 
lifetimes. Combination of emission and lifetime determines the aerosol burden in the 
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atmosphere, i.e., how much aerosols will finally be in the atmosphere for a certain time 
scale. Mass-absorption cross-section (MAC) is an important optical property (see detailed 
discussion in Section 2.1), and it is generally derived from Mie theory or inferred from 
observations. MAC is then used together with burden to model absorption optical depth 
(the change of radiation intensity in the atmosphere) or applied in a radiative transfer 
model to obtain forcing efficiency (the irradiance changed per unit of aerosol optical 
depth). The total forcing will be given by coupling optical depth and forcing efficiency. 
The emission and optical properties (especially absorption) of carbonaceous aerosols are 
essential to determine the overall direct RF. They have been proven to be sources of large 
uncertainties in current forcing estimation by model simulations and comparisons (Koch 
et al., 2007). My research contributes to these two major topics – emissions and optical 
properties - and aims to reduce the uncertainties with specific focuses as described below.  
(1) Absorption of OC. Absorptive properties of OC have been simplified in current 
models and the emerging research on light-absorbing OC requires thorough study 
for better parameterization in models. My research will characterize OC 
absorption through an intensive laboratory study of combustion-generated OC 
and provide MAC values for models.  
(2) Absorption of BC. Absorption of BC has had more attention than OC, and studies 
of BC MAC have been carried out for many years. However, uncertainties still 
exist due to instrumental artifacts and sample variations. My research includes a 
literature survey to constrain the uncertainties in BC MAC and provide 
recommendations for further measurements. 
(3) Emission from biofuel combustion. BC/OC emission inventories for biofuel 
combustion are still quite uncertain due to the lack of knowledge on emission 
factors (Bond et al., 2004a). My research will provide additional information for 
current emission factor databases and develop a method to better communicate 
the overall emission properties from biofuel combustion. Current models apply 
emission factors obtained from laboratory tests to estimate emission quantities 
from biofuel combustion, although the emission factors obtained in the laboratory 
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does not reflect the real emission in the field. I will demonstrate a method to 
quantify the difference between laboratory and field tests and provide guidance 
for future laboratory tests. 
The current state of knowledge regarding my research will be stated in Chapter 2. Based 
on Chapter 2, the main research objectives will be stated in Chapter 3. In Chapter 4 and 
5, I will discuss OC absorption including method development, the results OC absorption 
under various conditions and chemical characterization of light-absorbing OC. In 
Chapter 6, the uncertainties related to BC MAC will be discussed mainly based on 
literature review. In Chapter 7 and 8, a method to interpret emission data as well as 
presenting results obtained from in-use cookstove tests will be introduced.  
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2 Current state of knowledge  
2.1 Optical properties to represent aerosols 
Before summarizing the current state of knowledge on carbonaceous aerosols from 
biofuel combustion, I will describe the optical properties that we need to measure to 
represent aerosols.  
Absorption is the conversion of a part of the incident radiation that is retained by the 
particle into thermal or chemical energy, heating the particle and its surroundings.  
Scattering, on the other hand, is the re-radiating of the incident energy at the same 
wavelength () of light, but in different directions (forward scattering and 
backscattering).  The magnitude of light absorbed or scattered by a particle depends on 
the properties of the particle (i.e., size, shape, and refractive index) as well as the 
wavelength of incident light. As a light beam traverses a layer containing particles, the 
attenuation of the incident light occurs due to scattering and absorption by particles and 
the combined effect is called extinction (Figure 2.1). 
Light extinction can be quantified by extinction coefficient bext which is the fractional 
loss of light intensity I per unit length of the layer (Eq. 2-1). 
  
  
= 	−     ∙   Eq. 2-1 
In current research investigating aerosol optical properties, bext can be determined by 
knowing the incident light intensity I0 at z = 0 and the intensity at any distance z into the 
layer. It has the unit of inverse length m-1 or Mm-1 ( = 10-6 m-1).  
     = 	
−ln	(    ⁄ )
 
 Eq. 2-2 
Scattering and absorption coefficient can be determined in the same way and is usually 
referred to as bsp and bap respectively (s and a denote scattering and absorption 
respectively, and p denotes for particles).  
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Figure 2.1 Schematic of light attenuation (Seinfeld and Pandis, 1998). 
Single scatter albedo, represented as either SSA or ω, is scattering divided by extinction: 
SSA = bsp / (bsp + bap). Particles with SSA close to 1 mainly scatter light, causing cooling, 
while particles with SSA close to zero are primarily absorbing, warming the Earth. The 
SSA of pure BC is 0.2 or 0.25. The SSA of particles is one measure of climatic impact. 
Assuming a surface reflectance of 0.20, Haywood and Shine (1995) suggest the critical 
SSA which defines the boundary between warming and cooling as 0.70-0.80 depending 
on different backscattered fraction.  
Mass scattering cross-section (MSC) and mass absorption cross-section (MAC) can be 
determined by dividing the scattering or absorption coefficient by particle concentration, 
and they have units of m2/g. MAC and MAC are important variables representing 
absorption and scattering in radiative-transfer models. Theoretically, MAC or MSC can 
be calculated for each aerosol type using Mie theory with particle size, mixing state and 
refractive index (Martins et al., 1998; Lack and Cappa, 2010; Taha et al., 2007). Table 
2.1 provides MAC or MSC values for some typical types of ambient aerosols. However, 
the values are still uncertain and inconsistent among experiments due to the mixing state 
of aerosols and measurement techniques. 
Table 2.1 Values of MAC and MSC for typical aerosols. 
 Aerosol type Values (m2/g) Citation 
MAC BC 7.5 (550nm) (Bond and Bergstrom, 2006) 
 OC 0.6 (550nm) (Kirchstetter et al., 2004) 
 Mineral dust 0.01-0.02 (660nm) (Alfaro et al., 2004) 
Forward 
Scattering 
Long 
wave 
Emission 
Heat 
Energy 
 
Extinction 
Back 
Scattering   
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Table 2.1 (cont.) 
 Aerosol type Values (m2/g) Citation 
MSC OC  3.7 (550nm) (Patterson and McMahon, 1984) 
 BC 2.5 (550nm) 
Inferred with SSA from (Bond and 
Bergstrom, 2006) 
 Sulfate 2.3-6.8 (Zhang et al., 1994) 
Absorption Ångström exponent (AAE) is a measure of the spectral dependence of aerosol 
light absorption. It is defined as: 
    = 	
−ln 	(   (  )    (  )⁄  
ln	(     ⁄ )
 Eq. 2-3 
For carbonaceous aerosols, BC has an absorption cross section which depends inversely 
on wavelength throughout the visible spectrum, resulting in AAE = 1 (Bond and 
Bergstrom, 2006; Bond et al., 2006). OC absorption has stronger spectral dependence 
than that of BC (Patterson and McMahon, 1984; Bond, 2001; Kirchstetter et al., 2004; 
Schnaiter et al., 2006). For light-absorbing OC which appears brown to yellow, the AAE 
will be significantly greater than 1: 5.9 for acetone extractable OC in Kirchstetter et al. 
(2004) and 6-7 for water soluble humic-like substances (HULIS) in Hoffer et al. (2006). 
AAE is sometimes used to extrapolate absorption coefficients beyond the measured range 
of wavelength.  
2.2 Organic carbon: investigation of optical and chemical properties 
By mass, OC is 3-12 times more greater than BC (Molnar et al., 1999; Husain et al., 
2007a), and it accounts for 10-70% of total fine aerosol mass (Murphy et al., 2006; 
Quinn and Bates, 2003; Turpin et al., 2000). 
2.2.1 Optical properties: emerging study of light absorbing OC 
In recent years, OC has been reported to be a non-negligible contributor to aerosol light 
absorption, particularly in the ultraviolet and shorter-wavelength blue regions, with a 
stronger spectral dependence than BC. Much of this absorbing OC has been associated 
with solid-fuel burning. Brown to yellowish organic carbon was observed from 
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smoldering combustion (Patterson and McMahon, 1984) and from coal combustion 
(Bond, 2001). Bond (2001) reported a strong spectral dependence of absorption by 
carbonaceous particles from coal combustion, and proposed that might result from 
organic components rather than black carbon. Kirchstetter et al.(2004) measured near UV 
and visible light absorption of filter-based aerosol samples from biomass burning before 
and after acetone treatment, and estimated 50% of the total light absorption was 
contributed by organic carbon. Roden et al. (2006) also discussed absorption with strong 
wavelength dependence from smoldering biofuel. Poschl (2003) suggested that the 
molecular structure of the light absorbing organic aerosols were similar to polycyclic 
aromatic hydrocarbons (PAHs), humic-like substances (HULIS) and biopolymers. 
Andreae and Gelencser (2006) reviewed the evidence for and nature of this light-
absorbing “brown carbon”. The brown carbon comes from low temperature combustion 
processes or could be produced in the atmosphere in heterogeneous or multiphase 
processes. The existence of brown carbon may interfere with black carbon measurements 
and introduce important bias.  Sun et al. (2007) examined 200 organic compounds and 
inferred that the light absorbing organic carbon was probably oxygenated or 
multifunctional, or had very high molecular weight. This work also compared reported 
values of absorption by organic carbon, and found that organic carbon from combustion 
sources might be five times more absorbing than water-soluble OC (Havers et al., 1998; 
Varga et al., 2001; Hoffer et al., 2006). They suggested that the compounds not 
extractable by water or alkali must contribute to this kind of difference. Bergstrom et al. 
(2007) reported strong wavelength dependence of absorption in biomass-burning regions. 
Alexander et al .(2008) quantified the optical properties of brown carbon spheres using 
the electron energy-loss spectrum in the transmission electron microscope, obtained a 
MAC close to and slightly less than that of black carbon, and suggested that brown 
carbon aerosols should be explicitly included in radiative forcing models.  
However, there is still limited understanding of the sources of this absorbing OC, or how 
the light absorption, might differ with varying source characteristics. This issue is 
important since the chemical and optical properties of carbonaceous aerosols from 
biomass burning vary dramatically depending on fuel characteristics and combustion 
conditions (Reid et al., 2005a). Furthermore, the knowledge of how absorption is related 
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to specific chemical properties (e.g., functional groups, polarity) is required to better 
understand OC and its net radiative forcing. 
2.2.2 Chemical characterization: individual speciation and functional group 
analysis 
Often, chemical analysis of aerosol OC has focused on individual compounds. Detailed 
information on a wide range of specific compounds can be obtained with techniques such 
as gas chromatography coupled with mass spectrometry (GC-MS) after single or multiple 
organic solvent extractions of samples (Mazurek et al., 1987; Rogge et al., 1993; Saxena 
and Hildemann, 1996). This is a laborious and costly method, but is capable of 
quantifying individual organic compounds and is extremely useful for identifying 
markers of different types of combustion. GC-MS has been applied to analyze organic 
compounds from biomass burning (Rogge et al., 1998; Schauer et al., 2001). Various 
types of organic compounds have been determined, such as alkanes, alkenes, polycyclic 
hydrocarbons (PAHs), alkanoic acids, levoglucosan, and resin acids. However, only 20-
50% of the aerosol organic mass has been identified in the form of specific compounds. 
High molecular weight organics and highly polar compounds remain unanalyzed because 
(1) they cannot be extracted by nonpolar solvent for subsequent GC analysis; (2) even if 
extracted by certain nonpolar solvent, they may not be sufficiently volatile for passage 
into the GC-MS column; (3) even if sufficiently volatile to enter the column, they may 
bind so strongly to it that they will not elute. Recalling that light-absorbing OC may have 
high molecular weight, and probably contains some oxygenated or nitrated compounds so 
that it is polar, GC-MS is not a suitable technique to associate OC chemical composition 
with optical properties.  
A larger fraction of organic carbon can be characterized with spectroscopic techniques 
which are capable of functional group analyses, such as UV-vis spectroscopy, Fourier 
transform infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopy. These 
do not require separation or identification of individual species, but characterize 
important components that are relevant to both absorption and hygroscopicity. 
19 
 
UV-vis spectroscopy has been applied to both absorption measurement and identification 
of functional groups (Havers et al., 1998; Varga et al., 2001; Myhre and Nielsen, 2004; 
Lukacs et al., 2007). For OC from biomass burning which is a mixture of hundreds or 
even thousands of organic compounds, identification of functional groups using UV-vis 
spectroscopy may not be specific enough. The absorption decreases monotonically with 
increase of wavelengths and no peak can be observed (Havers et al., 1998). Furthermore, 
UV-vis spectroscopy is only capable of determining compounds containing absorbing 
groups. By coupling UV-vis spectroscopy with FTIR or NMR, it may be possible to 
associate OC chemical composition with overall optical properties.  
FTIR is usually used to determine functional groups in ambient aerosols both 
qualitatively and quantitatively (Blando et al., 1998; Polidori et al., 2008; Maria et al., 
2002; Maria et al., 2003; Russell, 2003). Maria et al. (2003) reported that FTIR was able 
to quantify 91% of total OC in Asian aerosols, including alkane, alkene, aromatic, 
alcohol, carbonyl, amine and organosulfate. However, the quantitative analysis by FTIR 
requires calibration of standard organic compounds and assumption of linear relationship 
between mass and IR absorbance. This is especially difficult when the analyte is a 
complicated mixture with unknown composition, including OC from biofuel combustion.  
Compared with FTIR, NMR is capable of providing contribution of each identified 
function group in a complex mixture without standard calibration. NMR spectroscopy is 
based on the measurement of absorption of electromagnetic radiation in the radio-
frequency region of roughly 4-900 MHz. In contrast to UV, visible and IR absorption, 
nuclei of atoms rather than outer electrons are involved in the absorption process. Solid-
phase extraction (SPE) coupled with liquid phase 1H-NMR or solid-state 13C-NMR 
technique has been recently applied to identify functional groups of water-soluble OC 
from both ambient atmosphere and biomass burning sources (Decesari et al., 2000; 
Sannigrahi et al., 2006; Tagliavini et al., 2006; Graham et al., 2002). A similar analysis 
would also be feasible for water-insoluble organic compounds if they were properly 
dissolved into organic solvents that did not interfere with the analysis. The NMR spectra 
are based on the chemical shift of 1H or 13C atoms in different functional groups. 
Chemical shift has the unit of parts per million (ppm), meaning the difference between 
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the frequency of signal and frequency of some reference (in the unit of Hz) as compared 
with the frequency of the NMR magnetic field (in the unit of MHz). In Sannigrahi et al. 
(2006) and Tagliavini et al. (2006), the spectra were divided into several regions for area 
integration, and each region has been attributed to specific functional groups. In H-NMR, 
these groups are usually classified as aromatic hydrogen (Ar-H), aliphatic hydrogen (R-
H), hydrogen bound to alcoholic, ethereal or estereal carbons (H-C-O), acetalic and 
vinylic hydrogen (O-CH-O and =C-H), hydrogen in a-position to unsaturated carbons 
(=C-C-H), and so on. In 13C-NMR, the major carbon functional groups identified are 
alkyl, O-alkyl, alkyl-substituted aromatics, carboxylic acids, anomeric / acetal carbon and 
aromatic carbon bonded to N or O. Varied abundance of each group was observed 
between hydrophilic OC and hydrophobic OC (Tagliavini et al., 2006). If difference of 
light absorption could also be observed between these two parts, or more broadly 
between water-soluble and water-insoluble OC, NMR analysis may provide a possible 
way to explain the difference based on functional groups. The difference between H-
NMR and 13C-NMR is that the former analysis reports functional groups based on proton 
while the latter one is based on carbon atom isotopes. 
2.3 Black carbon: determination of MAC  
BC MAC represents the cross-section of absorption per mass of BC, and has the unit of 
m2/g. It is an essential variable to connect models of atmospheric pollutants (which carry 
mass) with radiative-transfer models (which require absorption and scattering cross-
sections). Bond and Bergstrom (2006) summarized MAC of freshly generated BC 
measured at or near combustion sources, and suggested that there is a consistent value of 
MAC about 7.5  1.2m2/g. The absorption can be enhanced by a factor of 1.5 when BC is 
coated with non-absorbing aerosols such as OC and sulfate after evolved from real 
combustion (Bond et al., 2006; Schnaiter et al., 2005). Models apply the value of 7.5, 
sometimes including the enhancement of 1.5, to predict BC absorption.  
However, this value of MAC hasn’t been confirmed with atmospheric measurements, and 
it is not known if models predict it correctly. BC MAC in ambient air is commonly 
inferred by dividing absorption coefficient by BC mass concentration. Although ambient 
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BC MAC has been reported for many years, there is no consensus around ambient values 
because the comparison varies dramatically depending on sample and instrumentation. 
Researchers are generally cautious about comparing measured BC MAC with theoretical 
values because of the large uncertainties related with both mass and absorption 
measurement. Only a brief introduction of the methods and uncertainties for both mass 
and absorption measurements is given in this section. The detailed information on each 
measurement method and their comparisons can be found in Chapter 6. 
2.3.1 BC (EC) mass measurement 
BC mass measurement commonly involves the collection of particles onto quartz fiber 
filters and then measurement of BC mass by thermal analysis, described below. BC 
characterized this way is called elemental carbon (EC) due to its thermally refractory 
nature. Both BC and EC are operationally defined. In my dissertation, the term EC is 
used in the discussion of mass measurement and BC is used in the discussion of optical 
measurement and MAC.  
In thermal analysis, an aliquot of the filter sample is placed into a chamber and heated 
through a series of temperature steps with the presence of one or more purge gases. 
Carbonaceous gases (CO2, CO, hydrocarbons and other organic vapors) evolved from the 
sample is then passed over a catalyst and converted to either CO2 or CH4, which is 
quantified with non-dispersive infrared detection (NDIR) or flame ionization detection 
(FID) respectively. A plot of CO2 or CH4 versus sample heating temperature is called a 
thermogram. Both OC and EC are determined. OC is usually defined as what evolves 
under a heating cycle in the non-oxygen environment (with presence of He or N2), while 
EC is defined as what evolved under the presence of a certain content of oxygen after OC 
evolution. In this sense, EC is defined operationally by the method or protocol rather than 
as a fundamental quality, and therefore the resulted mass is highly affected by the 
measurement protocols.  
Biases of EC mass come from pre-evolution of EC or interference from OC or carbonate 
carbon. EC can be underestimated because of the premature evolution of EC at lower 
than expected temperatures or in the heating cycle of OC evolution caused by the 
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presence of alkali earth compounds such as potassium (Novakov and Corrigan, 1995) or 
ion oxides from minerals (Fung, 1990; Chow et al., 2001). OC interference adds to the 
challenge of EC mass determination in two ways: (1) some OC which is relatively 
thermal stable, burns at temperatures close to that of EC, and EC is overestimated; (2) 
OC may pyrolyze or “char” during heating with the absence of oxygen and the pyrolytic 
OC (PC) coevolves with EC (Tanner et al., 1982; Cadle et al., 1983). If this charring is 
not properly accounted for, it causes an incorrectly reported EC mass. Calcium carbonate 
would evolve at 850°C in the thermal analysis (Chow et al., 2001). However, the 
contribution of calcium carbonate is not considered here because it is found at low or 
negligible levels in most ambient samples (Clarke and Karani, 1992).  
Different methods and protocols have been developed to overcome the interference from 
OC either by removing OC from original samples or correcting OC charring based using 
thermal-optical techniques (Novakov, 1981; Johnson et al., 1981; Cadle et al., 1980; 
Birch and Cary, 1996; Cachier et al., 1989; Chow et al., 1993; Huntzicker et al., 1982; 
Turpin et al., 1990a; VDI, 1999). Filter transmittance or reflectance decreases (filter 
darkens) as OC chars during the non-oxidizing heat ramp, and then increases (filter 
lightens) as PC burns in the oxidizing heat ramp. Thermal-optical techniques determine 
the split between OC and EC by the point at which the filter transmittance or reflectance 
reaches its initial value. 
Although the methods above aim to reduce interference from OC, biases caused by OC 
remain unresolved. For methods (1) - (3), the bias is largely attributed to incomplete 
removal of OC and lack of an optical correction for charring. Methods (4) and (5) apply 
charring correction based on two assumptions (1) PC evolves before original EC and (2) 
PC and original EC equally reflect and transmit light (Johnson et al., 1981; Yang and Yu, 
2002); however these assumptions have proven invalid (Yu et al., 2002; Yang and Yu, 
2002; Boparai et al., 2008; Chow et al., 2004). Furthermore, uncertainties can be raised 
if the filter is so heavily loaded with EC that changes in optical signal cannot be 
monitored. Nevertheless, the traditional charring correction has still been used for most of 
the research community. 
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2.3.2 Absorption measurement 
Light absorption can be measured after deposition on filter media (filter-based 
measurement) or in its natural suspended state (in situ measurement). 
Filter-based techniques are based on transmittance or reflectance of light for a filter 
sample, and most of them operate on similar principle. Measurements include batch 
analysis such as integrating plate (IP) (Lin et al., 1973), integration sphere (IS) (Jacquez 
and Kuppenheim, 1955; Fischer, 1970) and real-time analysis such as aethalometer (AE) 
(Hansen et al., 1984; Weingartner et al., 2003), Particle Soot Absorption Photometer 
(PSAP) (Bond et al., 1999; Weingartner et al., 2003) and multi-angle absorption 
photometer (MAAP) (Petzold and Schönlinner, 2004). These methods reduce or 
eliminate the scattering effects by collecting or integrating backward or forward 
scattering or both, and therefore the reduced transmittance is due to absorption alone.  
Most of the filter-based instruments are subject to biases from three sources. (1) The 
effect of particle scattering cannot be fully eliminated despite the instrumental design 
(Hitzenberger, 1993; Bond et al., 1999; Petzold et al., 1997; Horvath, 1993). (2) 
Absorption by particles collected on a filter is greater than absorption by the same 
particles in suspension, because multiple scattering by the filter medium allows more 
than one chance for a photon to be absorbed by the particles. The enhancement depends 
on the filter type due to different filter scattering and particle embedding (Bond et al., 
1999; Arnott et al., 2005). (3) The relationship between instrument response and particle 
concentration is not linear as the filter is loaded, known as loading effect (Virkkula et al., 
2007; Bond et al., 1999; Gundel et al., 1984).  
Instrument specific correction functions were developed to compensate for the particle 
scattering and filter effect for IP (Horvath, 1997b), PSAP (Bond et al., 1999; Virkkula et 
al., 2005; Schmid et al., 2006) and AE (Weingartner et al., 2003; Arnott et al., 2005; 
Collaud Coen et al., 2010). The uncertainties associated with the corrections are around 
20%. Furthermore, the PSAP was reported to show erroneously high absorption as 
relative humidity (RH) increases (Arnott et al., 2003; Schmid et al., 2006), perhaps 
because the filter fibers take up water and scatter more than the reference measurement. 
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MAAP (Thermal Scientific, Waltham, MA) is a relatively new instrument, and it corrects 
for the particle scattering effect with additional angular scattering measurements and thus 
does not need the data correction for scattering effect (Petzold and Schönlinner, 2004). 
When absorption is measured by the filter-based measurement, bias can also be caused by 
the coexistence of OC besides the instrumental biases discussed above. This has been 
observed consistently from laboratory and ambient measurements (Lack et al., 2008; 
Cappa et al., 2008). In the laboratory experiments, non-absorbing OC could cause an 
increase in the measured BC absorption by more than a factor of two, and this 
enhancement was found to increase as the amount of OC increased relative to BC (Cappa 
et al., 2008). In the ambient measurements, PSAP could introduce a positive bias of more 
than 50% in the heavily polluted areas with high OC concentration (Lack et al., 2008). 
Liquid-like organic particles from laboratory and field tests were observed by 
Subramanian et al. (2007). The authors further suggested that these particles coat the 
individual filter fibers as they deposit onto the PSAP filters, which changes the scattering 
artifact of the PSAP filters and this is not accounted by the commonly used filter 
correction which are based on solid aerosol (Bond et al., 1999).  
Photoacoustic spectroscopy (PAS) is an in situ absorption measurement (Arnott et al., 
1999; Adams, 1988; Bruce and Pinnick, 1977; Terhune and Anderson, 1977). Light 
absorbed by the particle results in a temperature increase of the particle and thus the 
surrounding air due to heat transfer by conduction. The resulting pressure disturbance or 
sound wave is quantified to determine light absorption. PAS does not have the same 
loading problems as filter-based instruments, but there are still artifacts regarding 
humidity sensitivity. Theory indicates that mass transfer (evaporation) takes up some of 
the absorbed energy and lowers the efficiency of sound production by wet aerosols 
compared with dry aerosols (Arnott et al., 2003). The authors observed decreased 
absorption measured by PAS as RH increased.  
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2.4 Biofuel emissions: measurements of emission and optical 
properties 
Open vegetative burning and diesel engines are two large contributors of global primary 
BC and OC which have been investigated by hundreds of studies. In contrast, there are 
only about 10-20 studies for biofuel. Lack of emission data results in large uncertainties 
in estimating biofuel emission inventories, e.g., compared with Liousse et al. (1996), 
Bond et al. (2004a) estimate a 54% lower BC emission and 70% lower OC emission from 
residential wood combustion by separating biofuel emission factors for cooking and 
fireplaces.  
Experiments have been conducted to measure both gaseous and particulate emissions 
from biofuel combustion. Bhattacharya et al. (2002) presented experimental studies on 
emission conducted on several traditional and improved cookstoves collected in Asian 
countries using wood and charcoal as fuel. Emission factors of CO2, CO, CH4, THMOC 
and NOx were measured using the hood method. The stoves were operated according to a 
standard water boiling test (WBT). Open-path FTIR (OP-FTIR) spectroscopy was 
employed by Bertschi et al. (2003) to quantify trace gaseous emissions from wood and 
charcoal cooking fires in Zambia. The measurement was in situ and was performed 
during cooking. Another set of emission factors for CO, CO2 and NO during cooking in 
Zimbabwe was provided by Ludwig et al. (2003).  
Some experiments have also measured particulate matter emissions. Oanh et al. (1999) 
monitored PAH and PM emissions for three common fuel-stove systems in Southeast 
Asia. The same method was applied by Oanh et al. (2005) to determine the emissions of 
another 12 cookstoves in Asia. Zhang et al. (2000) provided a database containing 
emission factors of gaseous pollutants and TSP by systematically measuring emissions 
from a number of fuel/stove combinations in India and China. Venkataraman and Rao 
(2001) reported emission factors of CO and size-resolved aerosols from combustion of 
wood in traditional and improved stoves in India. These measurements and others aim to 
provide emission factors of biofuel combustion in order to better serve emission 
inventory models. However, the PM measurements are conducted either under a standard 
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WBT or in controlled laboratory tests, which may not be representative for a realistic 
combustion during cooking, except in Venkataraman et al. (2005) where the burn cycle 
was designed to simulate local cooking practice.  
Among all the biofuel combustion tests, only a few measured optical properties which are 
also important inputs for global climate models. Habib et al. (2008) measured optical 
properties together with emission factors from biofuels widely used in traditional 
cookstoves in Southern Asia. The experiments were conducted by simulating fuel 
burning rates and fuel loading practice likely to occur in actual cooking. Averaged 
particle absorption for each test was measured and MAC and AAE were determined. EC 
and OC contents were also investigated in this research. The MAC was wavelength 
dependent, and lower absorption cross section was found at longer wavelengths. It was 
also pointed out that the absorption by weakly absorbing particles was not completely 
explained by their EC content. Roden et al. (2006) reported real-time optical properties 
including light scattering and absorption and CO, CO2 concentrations of traditional 
biofuel cookstoves in a field study in Honduras. Measurements were conducted during 
real cooking procedures. Both EC and OC content were measured and emission factors 
were determined based on a carbon-balance method.  
PM emission factors were different when cookstoves were tested under in-use conditions 
in the field or under highly controlled conditions in the laboratory (Roden et al., 2009). 
The field measured PM emissions of actual cooking were three times higher than those 
measured during simulated cooking in the laboratory. Real in-use emissions and optical 
properties are not accurately reproduced in laboratory settings. By monitoring 
combustion efficiency CO2/(CO+CO2) and gaseous carbon emission, Johnson et al. 
(2010) also observed a large discrepancy between WBT test and in-use combustion of 
cookstoves. Combustion efficiency was overestimated in WBT for open fire, and 
underestimated in WBT for improved cookstoves. The research community is lacking 
realistic measurements in field studies, and these results suggest caution in using 
laboratory results to estimate realistic emissions and other properties.  
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2.5 Summary 
Table 2.2 summarizes the knowledge which has been obtained by the current scientific 
community and my contribution to address the three questions listed in Chapter 1.  
Table 2.2 Summary of current state of knowledge. 
Research field Current state of knowledge My research will contribute to 
(1) Organic carbon    
Optical properties Brown organic carbon from 
biomass burning can absorb 
visible light, but it is different 
from black carbon. 
 
 Model input absorption 
properties to estimate OC 
forcing  
 The effect of fuel and 
combustion characteristics 
on OC light absorption 
Chemical properties  GC-MS can identify 
individual chemical 
compounds, with very 
limited detection 
capability. 
 Functional analysis can 
characterize a larger 
fraction of OC.  
Connection between light 
absorption and chemical 
structures by employing 
functional group analysis. 
 
(2) Black carbon   
Mass absorption 
cross-section 
 BC MAC is an important 
variable to model BC 
radiative forcing and it 
can be inferred from mass 
and absorption 
measurement.  
 Current MAC values vary 
depending on different 
measurement methods. 
Why and how does BC MAC 
vary by measurement methods? 
 
(3) Biofuel emission   
Measurement  Standard performance test of 
cookstoves 
 
More field in-use cookstove 
tests with particle optical 
measurement 
Data interpretation Test averages, real-time 
variations 
Development of emission profile 
approach to complement test 
averages by statistically 
analyzing real-time data 
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3 Research objectives  
The main goal of my research is to reduce the uncertainties in characterization of 
carbonaceous aerosols from biofuel combustion with specific focus on optical properties 
and emission factors. There are five objectives associated with the major goal, as 
described below.  
(1) Measure atmospherically relevant properties (especially absorption) of particular 
kinds of organic carbon in the laboratory. 
(2) Assign properties to particular kinds of organic carbon generated from controlled 
wood pyrolysis. 
(3) Interpret uncertainties associated with black mass absorption cross section inferred 
from mass and absorption measurements. 
(4) Demonstrate a method to create emission profiles of biofuel combustion by utilizing 
real-time measurements and statistical data analysis. 
(5) Lay the groundwork for an in-field cookstove sampling system 
Objective 1: Measurement of OC absorption to provide climate-relevant 
properties 
Although the research on “brown carbon” indicates that OC could have an important 
contribution to radiative forcing, its absorption has not been represented in global climate 
models to date (Section 1.2 and 2.2). When values are available for light absorption of 
OC from biomass burning, radiative-transfer models can better evaluate the net radiative 
effect of OC.  
I develop a method to extract OC samples into liquid phase using solvents with varying 
polarity and measure the light absorption of the liquid extracts. The absorption measured 
in bulk liquid extracts can be used to derive the imaginary refractive index, a necessary 
input to the Mie theory used to model absorption and scattering in radiative-transfer 
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models. Using organic solvent and water to extract OC provides understanding of the 
nature of OC, including its polarity and water-solubility. 
I develop a method to generate OC from wood combustion. Wood combustion comprises 
at least two distinct processes that affect the properties of the resulting aerosol: thermal 
degradation of the wood, which causes volatile material to be released from the solid, and 
reactions of the pyrolysis product in the atmosphere, which may include condensation 
and the rapid gaseous or heterogeneous reactions that are frequently called combustion. 
In a real burn, after pyrolysis product leaves the solid wood, it may either condense to 
form OC or burn in a diffusion flame to produce BC. My goal is to understand the nature 
of the devolatilizing organic material generated by wood pyrolysis, the first step in the 
combustion of solid fuel. This material is emitted directly. Because the procedure we 
investigate in this research – pyrolysis which generates OC - is part of biofuel 
combustion, we use pyrolysis and combustion interchangeably in Chapter 4 and 5. 
However, in combustion research, the term “combustion” more frequently refers to 
extremely rapid gas-phase reactions. 
This method will have to (1) generate OC separately from BC by performing controlled 
pyrolysis, (2) eliminate the contribution of  gas-phase species that are also collected and 
(3) correct for the effect of semi-volatile OC. The fraction of particulate OC that has 
water affinity is quantified using extracts of varying polarity. The absorption of OC in 
different extracts is measured with UV-vis spectrophotometer at wavelengths from 300-
600nm. NMR techniques are applied to analyze functional groups associated with light-
absorbing OC.  
Objective 2: Assign properties to OC generated under controlled 
pyrolysis 
Emission rates and chemical properties from biomass burning are quite variable. It is 
impossible to measure OC properties for every type of wood in every form of combustion 
around the world. However, if the factors governing emissions are isolated, they can be 
used to understand and predict emissions from a wide variety of wood types and 
combustion conditions.  
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My approach in this work is to examine OC emitted from highly controlled pyrolysis of 
biomass with varying controlling variables such as pyrolysis temperature, fuel type and 
fuel size using the method developed in Objective 1. I test the hypothesis that the 
chemical and optical properties of OC (such as polarity, full-spectrum absorption, 
absorption Ångström exponent, et al.) are different depending on fuel characteristics (fuel 
type and fuel size) and pyrolysis temperature. I further explain the variability in optical 
properties with the existence of different functional groups in OC generated at different 
conditions, which will be reflected by different polarities and can be further explained 
with analytical techniques.  
Significance: The work under Objectives 1 and 2 will provide realistic imaginary 
refractive indices of primary OC from biofuel combustion to radiative transfer modelers. 
The work will also report the optical properties of organic carbon generated under 
different pyrolysis conditions. 
Objective 3: Interpret uncertainties of atmospheric BC MAC in published 
literature 
Mass absorption cross-section (MAC) is an essential variable to represent BC absorption 
in radiative-transfer models and therefore must be well determined. Theoretical values of 
BC MAC (Bond and Bergstrom, 2006; Bond et al., 2006; Schnaiter et al., 2005), which 
are now applied in models, need to be compared with atmospheric measurements to 
ensure that modeled values are realistic for the atmosphere. Measurements used for 
atmospheric aerosols are subject to large uncertainties, which need to be quantified.  
I investigate the variance of BC MAC in ambient samples inferred from measured and 
absorption and mass. I review literature where BC mass and absorption measurement 
were collocated. I categorize BC MAC based on measurement techniques and provide the 
range of BC MAC obtained from each measurement method. I compare BC MAC 
inferred using different measurement methods, reviewing both from both observations 
made on different sample and intercomparison experiments performed on identical 
sample. I also demonstrate the effect of OC on BC MAC by reviewing literature in which 
OC was removed prior to BC analyses.  
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Significance: The work under Objective 3 will provide a summary of BC MAC values 
from ambient aerosols with attention to measurement techniques. This comprehensive 
comparison hasn’t been reported previously. The work will enable an understanding of 
whether MAC applied in models accurately represents BC in the atmosphere, in light of 
measurement artifacts.  
Objective 4: develop a “fingerprint approach” to profile emission from 
biofuel combustion  
To understand emissions from biofuel combustion, we often need to compare emissions 
from different types of activities (e.g., with different stove types, in different regions or 
in-field vs. laboratory tests). The commonly obtained test averages often show 
differences but are not able to explain why the difference exists. This is because that 
biofuel combustion is a highly variable emission source and the emissions can vary on a 
temporal scale of several seconds, information that is hidden when test averages are 
presented. As a complement of the test averages, real-time measurements capture 
emission properties at a finer time scale (seconds or minutes). Development of an 
“emission profile” that portrays these real-time fluctuations can help identify the detailed 
emission characteristics of a certain combustion type (the fingerprint), and can be used to 
compare different types of biofuel combustion.  
Our premise is that biofuel combustion consists of sequential combustion events, where 
an event is represented by a particular combination of real-time properties. Emission 
profiles (“fingerprints”) represent the frequency of different types of events using cluster 
analysis and graphical representations of frequency. The fingerprint approach is 
demonstrated with datasets of real-time particulate and gaseous emissions measured by 
Dr. Christoph Roden (Roden, 2008). I interpret the similarities and discrepancies of 
combustion under different conditions (e.g., different cookstoves types or different 
regions). I also compare stove emissions from in-field test and laboratory standard tests to 
investigate the cause of differences.  
Significance: The fingerprint approach developed under Objective 4 can be utilized to 
semi quantitatively characterize emission profiles for sources with variable emissions. 
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While it is developed in this work for biofuel combustion, it could be used to characterize 
any source with high variability. Through the use of techniques developed here, I 
demonstrate how cookstove emission measured in the field and laboratory are different, 
and the results will provide a guideline for future cookstove tests.  
Objective 5: Lay the groundwork for an in-field cookstove testing system 
Current emission inventories use emission properties and quantities obtained in the 
laboratory as input. These values from in-use combustion are distinct from those 
measured in the laboratory and they also vary from test to test in the field (Roden et al., 
2009; Johnson et al., 2010). More in-field tests are required because it is the only way to 
capture realistic emission characteristics.  
We aim to provide additional information for current emission databases for biofuel 
combustion by conducting in-field measurements. This work is a continuation of 
Honduras cookstove tests performed by Dr. Christoph Roden, with more cookstoves 
tested in Asian and African regions. The instrument used in this work is built to be more 
portable, and can be used by local researchers after training. Instrumentation 
development and field measurements are carried out by other colleagues (Justin Ellis and 
Cheryl Weyant). My contribution is to process the raw data, interpret the results and 
ensure that the results are relevant. I develop a data processing procedure to convert the 
raw signal from all instruments into relevant emission properties. Existing issues in the 
current measurement system have been investigated and recommendations are provided 
for the future sampling system setup.  
Significance: The work under Objective 5 will build the groundwork for a cookstove 
sampling system which can be employed for future in-use stove emission measurements. 
The work also provides emission factors for in-use cookstoves in South Asian and 
African regions, which can be used by emission inventory modelers to estimate 
cookstove emissions in these regions. The work also assesses the improvement of 
cookstoves by comparing emission properties from traditional and improved cookstoves. 
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4 Methodology to measure primary OC: optical and 
chemical analysis1  
In this chapter, I summarize the method developed to measure primary OC absorption, 
which is directly related to Objective 1. This chapter introduces the generation, extraction 
and chemical analysis of primary OC from laboratory wood pyrolysis as well as the data 
reduction process to get the climate-relevant variables: absorption per mass. 
Experimental reproducibility, biases and uncertainties regarding the method are also 
discussed.  
4.1 Experimental design and instrumentation 
4.1.1 Sample generation 
OC samples were generated in the laboratory by pyrolyzing small pieces of wood in an 
adjustable, electrically-heated combustor. The combustor, shown in Figure 4.1, created a 
temperature-controlled environment using a 120 volt, 650 watt, Watlow VC403A06A, 
resistive heating cylinder sealed to a base of insulating firebricks. The combustor 
contains no flame source and formation of black carbon can be avoided by preventing 
flames when no oxygen enters the combustor. The top was enclosed and a nitrogen 
carrier gas (normally at 6 lpm) kept the combustor at a slight positive pressure. Smoke 
escaped through a chimney and was sampled as described below. Our combustor 
simulates the release of volatile matter at realistic wood temperatures; there is no oxygen 
either inside the wood or in the diffusion flame. 
Wood pieces were placed in the bottom center of the combustor, and temperature was 
measured near the exterior of the wood pieces. The measured temperature represents the 
temperature of the wood surface. The internal temperature of the wood would be lower 
than the surface temperature when the wood piece was just put into the combustor. 
(Roden, 2008) modeled the heat transfer into wood and found that under smoldering 
conditions for the wood size in this research, the internal temperature can reach the 
                                               
1 Reproduced in part with permission from Chen and Bond (2010), copyright 2010 Yanju Chen and Tami C. 
Bond. 
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surface temperature in less than 10 minutes. The time is relatively short compared with a 
normal overall test which generally lasted for 1-2 hours. After an initial natural dilution 
that entrained room-temperature air until the temperature reached 70 C, a diluting probe 
further diluted the smoke stream with HEPA-filtered air at a ratio of 4:1 to cool the 
emissions to ambient temperature (25°C). A change of dilution ratio from 4:1 to 40:1 did 
not change the measured absorption per mass (i.e., the difference was within 
experimental uncertainty). Particles larger than 1mm were removed with an impactor.  
 
Figure 4.1 Picture and detailed Diagram of the combustor (Chen and Bond, 2010). 
4.1.2 Sample collection 
Smoke escaping through a chimney was sampled as described in Figure 4.2. I collected 
simultaneous samples on filters in three branches. Unless stated otherwise, all filters were 
quartz (TISSUQUARTZ 2500QAT-UP, Pall Corp., Port Washington, NY) and filter 
holders were URG (URG-2000-30RAF, URG Corp, Chapel Hill, NC). The first branch 
was used to collect samples for UV-vis absorption, which required large samples 
(milligram quantities). The resulting filter loading is higher than the range of the analyzer 
used for total carbon (Section 4.3.1), so a second branch had a smaller flow rate for this 
analysis. However, quartz filters may also collect adsorbed organic vapors (McDow and 
Huntzicker, 1990; Turpin et al., 1994). A Teflon-quartz filter combination has been 
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recommended to estimate this artifact (Turpin et al., 1994; Kirchstetter et al., 2001), with 
a Teflon filter (FluoroporeTM Membrane Filters, FALP04700, Millipore, Billerica, MA) 
removing particles from the gas stream, and a quartz filter estimating the gaseous 
adsorption. The third branch contained this combination. 
Quartz filters for collection were baked at 550°C in air in a muffle furnace for at least 
four hours and stored in Petri dishes lined with baked aluminum foil prior to sampling. At 
the end of the sampling period, the filters were returned to the dishes immediately and 
stored in a freezer (-4°C) until analysis. One blank filter for each preparation batch 
underwent the same OC/EC and UV-vis absorption analysis as the analytical filters. 
Real-time optical properties - scattering and absorption coefficients by particles - were 
measured with a single wavelength nephelometer (M-903, 530nm, Radiance Research, 
Shoreline, WA) and a 3-wavelength Particle Soot Absorption Photometer (PSAP, 467nm, 
530nm, 660nm, Radiance Research, Shoreline, WA) respectively.  Real-time gaseous 
concentration of CO (3ME/F, City Technology Ltd., Portsmouth, Hampshire, UK) and 
CO2 (Telaire, 6004-S5000, GE) were also measured. 
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Figure 4.2 Schematic of sampling system. 
4.1.3 Sample extraction 
Quartz filters in the higher flow rate branch were extracted with 3mL deionized water and 
organic solvents: methanol (A.C.S. certified, Fisher Scientific), hexane (puriss, p.a., 
Fluka) and acetone (A.C.S. certified, Fisher Scientific). The extraction procedure and 
subsequent analysis are shown in Figure 4.3. A punch of filter and solvent were sonicated 
(Ultrasonic Cleaner, Cole Parmer 8892) for 1 hour, kept at room temperature for 20 hours 
to let the solution reach equilibrium, and sonicated for 1 additional hour. Polidori et al., 
(2008) reported that sonication increased extraction efficiencies by 10-15%. All extracts 
were filtered by syringe through a 25mm diameter filter with a 0.2mm pore size 
(Whatman, Anotop* Disposable Syringe Filters, Fisher Scientific) to remove impurities 
during the extraction process. Residual filters were taken out of the solutions, dried in a 
fume hood and then kept in the freezer in dishes prepared as described previously. In the 
discussion hereafter, if not specified, all the solution numbers are represented by “filter 
No + solvent (AC for acetone, M for methanol, WT for water, and H for hexane). 
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Figure 4.3 Flowchart of extraction and subsequent analysis of filters with OC samples. 
4.1.4 OC mass measurement 
The total OC in each aliquot before and after extraction was measured with a thermal-
optical OC/EC analyzer (Sunset Laboratory, Tigard, OR) with a temperature profile  
following “NIOSH Method 5040” (Birch and Cary, 1996; NIOSH, 2003). The analyzer 
provides OC/EC concentration in the unit of mg/cm2 of filter punch. All carbon on the 
filter punch (1cm2 or 1.5cm2) is thermally desorbed, converted to CO2, and then methane, 
finally measured with a flame ionization detector (FID). The filter goes through two 
increasing temperature cycles: the first is performed in an inert helium environment, 
removing OC present on the filter; while the second is performed in a helium/oxygen 
environment which will oxidize any of the remaining carbon, presumably EC, on the 
filter.  During this first temperature cycle some of the OC on the filter may char and form 
EC, which is corrected by optically monitoring the transmittance of the filter. During the 
second temperature cycle the desorbed carbon will be counted as OC until the filter 
transmittance is back to its initial state, then all subsequent carbon will be considered EC. 
The temperature profile is described in Figure 4.4. Total carbon analyzers typically used 
for water quality were inappropriate because of the organic solvents.  
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Figure 4.4 Temperature profile of NIOSH method on the Sunset OC/EC analyzer. 
4.1.5 OC bulk liquid light absorbance measurement 
Light absorbance of extracts was measured at wavelengths from 190nm to 800nm with 
UV-vis recording spectrophotometer (UV-2401, Shimadzu Corp.). The 
spectrophotometer records absorbance up to 5 with a bottom detection limit of 0.05. Each 
spectrum was determined relative to a reference cuvette which contained the same 
solvent.  
Figure 4.5 shows absorbance spectra of different solvent extracts measured by 
spectrophotometer for two typical samples. As is shown in Figure 4.5 a, for heavily 
loaded filters, at UV wavelengths, the absorbance increases very rapidly to the upper 
detection limit of the spectrophotometer A = 5. This can be improved by decreasing the 
filter loading (Figure 4.5 b): more absorbance information can be obtained in the UV 
ranges towards shorter wavelength. However, the trade-off is that we are losing 
absorbance information in the visible range due to very low signal even below detection 
limit. A good balance point lies between these two conditions (overloading at UV 
wavelengths and sample below detection limit at visible wavelengths), but varies with 
samples and is difficult to determine. Since the sample absorbance spectra vary between 
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Figure 4.5 (a) and (b), a specific valid spectral range for each sample had to be 
determined for results comparison.  
Four considerations determined the valid spectral range: (1) we did not use data where 
Beer-Lambert law is not valid since compliance of Beer-Lambert law is important for 
future data reduction; (2) the instrument detection limit is A=0.05; we marked this range 
of validity in all results; (3) Contamination from Whatman filters affected absorption 
when wavelength was shorter than 300nm (tested with extracts of blank filters); (4) 
acetone has very high absorbance at wavelengths shorter than 340nm, so no sample 
absorbance can be determined for those extracts at short wavelengths. 
Results for consideration (3) and (4) will be presented in Section 4.4. Dilution tests were 
used to check the validity of Beer-Lambert law that would be used to calculate absorption 
per mass, i.e. to identify the wavelength range where absorbance is proportional to 
concentration. Extract solutions from four sample filters were analyzed for the dilution 
test. Figure 4.6 shows the ratio of absorbance before and after dilution for methanol, 
acetone, hexane and water extracts for one of the filters. From Figure 4.6 (a), we can find 
nearly constant absorbance ratios for absorbance of original solution ranging from 0.05 
(the instrument detection limit) to 3. By comparing with Figure 4.6 (b), this range 
corresponds to wavelengths from 340nm to 500nm for acetone and methanol extracts and 
a narrower range for water and hexane extracts usually 340-460nm. Dilution tests for 
different samples confirmed that the Beer-Lambert law was valid for these samples in the 
wavelength range starting from between 300-390nm and ending at around 500nm where 
the lowest detection limit (A = 0.05) is generally observed.  
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Figure 4.5 Absorbance spectra of two typical samples: (a) Filter 3052 from Test 9 (heavily loaded); (b) 
Filter 3126 from Test 31 (lightly loaded). 
Based on all of these considerations, the typical valid range differs for samples and 
solvent extracts, beginning at 300-400nm and ending at 450-550nm. For the data 
interpretation in Chapter 5, I will focus on the spectrometer data from 360nm to 500nm; 
spectra between 500nm and 600nm will also be presented even though the data are often 
below detection limit. For the calculations which requires strict wavelength range (e.g., 
calculation of AAE in Chapter 5), we set an absorbance criteria 0.05 < A <1 to identify a 
valid spectral range. Absorbance in this range obeys the previous four considerations 
very well. 
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Figure 4.6 Validation of Beer-Lambert law by testing absorbance of dilutions (filter 3019). The valid 
range is identified as 360-500nm.  
4.2 Climate-relevant data reduction: absorption per mass  
The main variable reported from these experiments OC absorption measurement is 
absorption per mass of carbon in the bulk liquid solution (a/r in the unit of cm2/g). It is 
the absorption coefficient divided by the density of the dissolved OC. Sun et al. (2007) 
pointed out that a/r is easily derived from measured spectra, and also easy to translate to 
radiative-transfer models. The value of a/r is derived from Eq. 4-1 as restated below. 
Here, A (absorbance) comes from the spectrophotometer, L is the optical path length of 
the spectrophotometer, which equals to 1cm, and the concentration c was calculated from 
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carbon in extracts divided by the extract volume. In this section, I will discuss the 
determination of carbon in extracts. 
 /  = 	
 
  ∙  
∙ ln	(10) Eq. 4-1 
The absorption cross-section per mass for particulate matter must be determined using 
Mie theory combined with a refractive index. The imaginary part k of refractive index 
m=n+ki is proportional to a: a=4k/. A density must be chosen to obtain an imaginary 
refractive index from a/r That density is somewhat uncertain, but it is only an 
intermediate value; it is required again in Mie or other models that calculate particulate 
absorption per mass. If the same density is used in both calculations, it has little effect on 
particulate absorption. We therefore choose to communicate in terms of a/r. Although 
the units are the same as those of mass-normalized absorption cross-section by particulate 
matter, the two differ and should not be confused. 
4.3 Determination of carbon in extracts 
OC in the extracts was calculated by subtracting OC on the residual filter from OC on the 
filter before extraction. In many cases, the loading on the high-flow filters before 
extraction was above the valid range of the OC/EC analyzer. In such cases, the total OC 
before extraction on these filters was determined using the low-flow filter and the ratio of 
the high and low flows.  
Emissions from primary combustion sources contain organic matter with a broad range of 
volatility (Schauer et al., 2001; Shrivastava et al., 2006). Organic carbon collected on 
quartz filters contains three broad classes: non-volatile particulate carbon, semi-volatile 
particulate carbon that would partition to the gas phase at lower concentrations, and 
gaseous carbon adsorbed to the quartz filters. Each class might have very different light 
absorption, and separating them before analysis would be advisable. Such separation is 
difficult to combine with light absorption measurements, which require large samples. As 
we will show, visible light absorption in our samples is largely attributable to non-volatile 
organic carbon, and our final results provide values for this carbon.  
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Values of a/r are underestimated when we do not account for semi-volatile and gaseous 
carbon. However, the underestimates are in the same direction for all samples, and will 
affect absolute magnitudes but not comparisons. In Section 5.2 – 5.6, I compare 
properties of all collected carbon. Later, in Section 5.8 and 5.9, when providing 
absorption for use in models, a/r is adjusted so that the values reflect only non-volatile 
organic carbon. 
4.3.1 Adsorbed gaseous carbon 
Two methods of estimating gaseous carbon adsorbed to the high-flow filter are possible 
1) We assume that the amount of organic vapors adsorbed on the quartz filter is constant 
regardless of flow rate. This would be true if the adsorption sites were saturated. The 
adsorbed vapor would be the same as on the low-flow backup filter, and Eq. 4-2 gives 
total carbon for that case. This method gives a lower bound for the OC loading on the 
high-flow filters.  
 Eq. 4-2 
2) We assume that the quantity of adsorbed organic vapors is proportional to the flow 
rate, and can be estimated by multiplying the low-flow backup filter by the ratio of the 
flow rates. Total carbon is then given by Eq. 4-3. This estimate gives an upper bound for 
the OC loading. 
 Eq. 4-3 
Table 4.1 lists the estimated high-flow OC with the above two methods for all of the tests 
in which high-flow OC is not measurable, and therefore an estimate is needed. Estimates 
of gaseous OC calculated by these two methods differ by 21±14%. I chose to use the first 
estimation method as I consider it more physically likely, so the particulate OC may be 
underestimated and the calculation may overestimate absorption per mass of extracts by 
about 15%. However, the overestimates are in the same direction for all samples; this will 
affect the absolute magnitude of absorption, but not the comparison between extracts. 
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Table 4.1 Comparison of two estimation method of gaseous carbon adsorbed to the filter. 
Est. (1) Est. (2) Est. (2) / Est. (1) 
436.32 483.02 1.11 
2443.66 2628.71 1.08 
1463.42 1645.60 1.12 
1137.30 1274.40 1.12 
2056.01 2219.36 1.08 
1284.08 1456.51 1.13 
1063.56 1192.52 1.12 
283.24 402.35 1.42 
535.52 640.35 1.20 
251.63 380.85 1.51 
488.48 613.50 1.26 
354.18 480.60 1.36 
504.51 639.75 1.27 
4.3.2 Semi-volatile organic carbon (SVOC) 
Sampled aerosol components may differ from those found in the particle phase in 
ambient air if the concentration and temperature differ at sampling, which they often do. 
Semi-volatile organic carbon can partition to either the particle phase or the gaseous 
phase, depending on concentrations and temperatures. Furthermore SVOC can produce 
substantial part of secondary organic aerosols (Robinson et al., 2007). Due to the physical 
and chemical characteristics of SVOC, it needs to be treated separately in models. When 
providing quantitative absorption for radiative transfer models, we will be mainly 
focusing on the absorption caused by non-volatile organic carbon (NVOC). We must 
remove the contribution of SVOC from both absorbance and carbon mass, to obtain the 
absorption per mass of carbon by NVOC. We will discuss how we estimate the 
contribution of SVOC and NVOC in this section.   
We use the volatility distribution model proposed in Donahue et al. (2006) in our 
evaluation of OC. The critical variable in the model is the saturation concentration C* 
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representing the partitioning of OC in both particle phase and gaseous phase. We 
consider SVOC distribution with log spaced C* ranging from 0.01mg/m3 to 
100,000mg/m3 at 300K. 
The fraction of compound i found in the particle phase can be described by partitioning 
coefficient, given an effective saturation concentration.  
;  Eq. 4-4 
Where Ci is the organic compounds concentration in all phases, and COA is the total mass 
concentration of organic aerosol.  
Based on an averaged OC loading around 200mg/cm2 on the quartz filter, with a thickness 
of 1mm and OM/OC ratio of 1.3, we roughly estimate the concentration of fresh organic 
carbon on the filter as 2.6*106mg/m3. The theoretical partitioning of OC to the gas phase 
and particle phase under these conditions is shown in Figure 4.7 (a). 
If the material were diluted to achieve ambient conditions, with a total OC concentration 
around 10mg/m3, the partitioning of SVOCs in the two phases would be that in Figure 4.7 
(b). 
As compounds are warmed, the equilibrium shifts. The saturation concentration for each 
log-spaced bin at an elevated temperature T2 can be related to that at 300K (sampling 
conditions) based on the Clausius - Clapeyron Equation. 
 
Eq. 4-5 
According to Donahue et al. (2006), we assume an ΔHv for the compounds with 
saturation concentration of 1mg/m3 as 100 kJ/mole, the factor of 10 spacing in saturation 
concentration corresponds to a succession of enthalpies (ΔHvap) separated by 5.8 kJ/mole.  
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Figure 4.7 (c) shows the equilibrium partitioning of OC on the filter at filter 
concentration and 443K. In order to compare with the original ambient temperature, the 
x-axis is still the C* at 300K, not at 443K. The partitioning distribution at 443K at filter 
concentration is comparable to that under ambient conditions and low concentrations. 
Following the above discussion, the contribution of SVOC mass and absorption was 
estimated by heating filters in the OC/EC analyzer at 170°C. This temperature reproduces 
atmospheric partitioning but does not cause charring of OC.  
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Figure 4.7 SVOC partitioning. (a) Partitioning of original SVOC from wood combustion after 4:1 
dilution (2.6*106 mg/m3, 298K); (b) Partitioning of SVOC with the same volatility profile under 
ambient conditions (10 mg/m3, 298K); (c) Partitioning of SVOC with the same volatility profile at 
original concentration and elevated temperature (2.6*106 mg/m3, 443K). 
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4.4 Blank tests 
In this section, I document the blank filters tested for both OC mass and absorbance 
measurement. a/r was not calculated for the extracts of blank filters because the 
absorbance is too low. The absorbance for blank solvents was also tested. Since I will 
mainly focus on methanol and water extracts as discussed in Section 5.2, some of the 
tests described here were not done on acetone and hexane extracts.  
4.4.1 Blank filters 
OC/EC concentration for blank quartz filters 
Quartz filters were prepared in batches. One blank was picked from each batch to for 
OC/EC measurement. Results are shown in Table 4.2. OC concentration contributed from 
blank filter is less than 1% of the loading of sample filters which is generally greater than 
100-200 mg/cm2 OC. 
Table 4.2 OC/EC concentration of blank quartz filters. 
Filter number OC (μg C/cm2) 
OC 
uncertainties. 
EC (μg C/cm2) 
EC 
uncertainties. 
3060 0.52 0.23 0.00 0.20 
3106 0.40 0.22 0.00 0.20 
3124 0.39 0.22 0.00 0.20 
3140 0.06 0.20 0.09 0.20 
3152 0.55 0.23 0.00 0.20 
3198 0.10 0.21 0.00 0.20 
Average  0.34  0.01  
Light absorbance for blank quartz filters 
Absorbance of extracts of blank quartz filters was analyzed following the standard 
operation procedure for sample filters. Figure 4.8 shows the absorbance spectra of solvent 
extracts for blank filter.  
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Figure 4.8 Absorbance of blank quartz filter extracts (solid lines show average, and dashed lines 
show ±std. dev.). 
Similar as sample filters shown in Figure 4.5, the absorbance of acetone extracts is close 
to zero between 220-340nm. The absorbance peaks in UV range (smaller than 300nm) 
are observed for both water and methanol extracts, but they are not observed in 
absorbance spectra for pure methanol and water. The contamination was confirmed to be 
caused by the Whatman syringe filters used to filter solution after extraction, and a step 
of cleaning the Whatman filter was added. However, since some of the samples were 
prepared before this cleaning procedure was identified, absorption data at wavelengths 
shorter than 300nm are considered to be invalid.  
4.4.2 Absorbance spectra for blank solution 
As mentioned in Section 4.1.5, a reference cuvette filled with solvent was used to subtract 
the contribution of the solvent to absorption, but it is still good to measure the absorption 
of solvent (methanol, acetone, hexane and water) for reference. In these tests, the 
reference is the cuvette with no solvent, and the sample is the cuvette with the solvent. 
Results are shown in Figure 4.9.  
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Figure 4.9 Solvent absorbance spectra. 
The important thing that should be noticed here, is that acetone has a very high 
absorbance from 220nm to 340nm, which exceeds the maximum detection limit. In the 
real sample analysis, this extremely high absorption shields the absorption caused by OC 
in the solution, the absorption of solution is nearly zero after subtraction. Therefore, for 
acetone extracts, the valid wavelength range is after 340nm.  
4.5 Reproducibility tests 
Reproducibility of final results for a/r was examined in two ways: first, by repeating 
extraction and measurements using two punches from one sampled filter, and second, by 
using punches from different filters collected at the same pyrolysis condition. Only the 
data in valid spectral range (360-600nm) are presented.  
4.5.1 Same sample, difference punches 
Punches were taken from one sample filter (Filter 3088 from Test 20). Three pairs of 
punches were extracted by methanol, acetone and water respectively. The absorption per 
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mass was reproducible within 1.0% for methanol extract, 3.1% for acetone extract and 
3.9% for water extract (Figure 4.10). I conclude that the extraction and analysis 
procedure are reproducible.  
 
Figure 4.10 Reproducibility test for same sample, different punches (solid lines show a/r, dots with 
same color show ratio between two punches). 
4.5.2 Different samples 
Another type of reproducibility test was conducted by repeating all the procedures 
including sample generation, extraction and analysis. Sample generation was repeated for 
medium size oak at 270°C and 360°C. At the valid spectral range, the resulting value of 
absorption per carbon a/r differed by 13±3% for methanol extract, 5±5% for water 
extract for oak_M_270, and 5±1% for methanol extract and 8±3% for water extract for 
oak_M_360. Figure 4.11 shows the mean and standard deviation of methanol and water 
extracts for repeated oak_M_270 samples. 
0.95
0.96
0.97
0.98
0.99
1.00
1.01
1.02
1.03
1.04
1.05
0
2000
4000
6000
8000
10000
12000
14000
16000
360 380 400 420 440 460 480 500
R
at
io
 b
et
w
ee
n
 r
ep
ro
d
u
ci
b
ili
ty
 t
es
ts
 
a
/r
(c
m
2
/g
)
Wavelength (nm)
methanol
acetone
water
52 
 
 
Figure 4.11 Reproducibility tests for different samples by pyrolyzing oak at 270°C. 
4.6 Experimental biases during analytical procedure  
In this section, I will discuss experimental biases and uncertainties in the analytical 
processes including extraction and absorption measurement. Another major artifact 
caused by gaseous carbon during sampling was discussed in Section 4.2. The purpose of 
this section is to identify the best practices in the procedure of determining absorption per 
mass.   
4.6.1 Biases and uncertainties from extraction 
Pipet uncertainties 
Pipetted volumes contain uncertainties, and these may be even greater for organic 
solvents due to their high volatility. I measured the weight of 3mL pipetted solvent using 
the balance, and use its density to calculate the actual volume. The difference between 
actual volume and 3mL is 3.34% for acetone, 1.57% for methanol and 0.21% for water. 
This volume correction was made when calculating the concentration of OC in the 
extracts.  
Solution loss due to sonication and filtration 
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Originally, 3mL solvent was used to extract OC. Solution loss can happen during 
sonication and the filtration afterwards. Both blank filters and sample filters were used to 
check the solution loss. Due to the difficulty in measuring the volume of volatile solvent 
directly, a balance was employed to measure the weight of the solution, compared with 
its original weight. Here, since the concentration of OC in the solution is very low, 
usually less than 0.001g/mL, we neglect the mass of dissolved OC, and approximately 
use the mass of solvent as the original mass of solution before extraction.  
Six punches, each with area of 1.0cm2 were taken from one blank filter (3124). Each 
punch was extracted by methanol, acetone or water following the standard operation 
procedure; parallel tests were conducted for each solvent. Table 4.3 shows the percentage 
of solution loss after sonication and filtration respectively.  
Table 4.3 Solution mass loss for blank quartz filter. 
 3124AC1 3124AC2 3124M1 3124M2 3124WT1 3124WT2 
Loss due to 
sonication 
0.58% 0.36% 0.29% 0.12% 0.00% 0.07% 
Average 0.47% 0.20% 0.03% 
Loss due to 
sonication 
and filtration 
16.51% 14.75% 15.74% 13.63% 7.37% 11.81% 
Average 15.63% 14.69% 9.59% 
Two sample filters (3097 and 3100) were selected to evaluate the mass loss during 
extraction, results are shown in Table 4.4. 
Table 4.4 Solution mass loss for sample filters. 
 3097AC 3100AC 3097M 3100M 3097WT 3100WT 
Loss due to 
sonication 
-1.13% 0.32% -0.87% -0.12% -0.17% -0.13% 
Average -0.40% -0.50% -0.15% 
Loss due to 
sonication 
and filtration 
17.34% 19.52% 17.06% 15.82% 11.15% 11.87% 
Average 18.43% 16.44% 11.51% 
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For both blank and sample filters, sonication does not cause a big loss of the solution 
(less than 0.50%), while there is a large amount of loss during filtration, 15-20% for 
acetone and methanol extracts, and around 10% for water extracts. The loss could include 
both solvent and dissolved OC in the solution, as well as some big OC particles which 
suspended in the solution. The loss of OC cannot be quantified because Whatman syringe 
filters are not suitable for OC/EC analysis. Filtration performed with a quartz filter 
(25mm) showed that OC retained on the filter was around 5% of the total OC in the 
solution, but this cannot be applied to the Whatman filter because of the different pore 
size.  
If OC has been distributed evenly in the extract after sonication, the loss due to filtration 
will not change the concentration of the solution. We do not correct for this loss because 
it will not affect the calculation of bulk liquid absorption per mass of carbon based on the 
concentration of OC. However, we need to be aware of the loss of OC particles during 
filtration, but we are not sure whether this OC absorbs light or not. 
Contamination from syringe filters 
Recall that absorbance peaks were observed in wavelengths shorter than 300nm with 
extracts of blank filters in Section 4.3.1. This was also observed when extracting teflon 
filters, but it was not observed for extracts without filtration. Therefore, the peaks might 
be caused by impurity contamination from the Whatman filters that were used in the 
filtration step. An experiment was designed to test the contamination, by measuring 
absorbance of filtered method. Prior to filtration, the Whatman filter was first washed by 
increasing volume of methanol. The absorbance of filtered methanol is shown in Figure 
4.12. Legend indicates the volume used to wash the Whatman filter. 
The methanol after filtration did not show a high absorbance below 300nm after 20 mL 
methanol was used to wash the filter before the filtration. Therefore, there might be 
material on the original Whatman filter which escapes into the solution during filtration, 
which is highly absorbing below 300nm. Before filtration, we should use at least 20mL 
solvent to wash the Whatman filter to get rid of these impurities. 
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Figure 4.12 Contamination from the Whatman filter during filtration step. 
Finally, a blank filter (3152) was tested for absorbance after the suggested washing 
procedure and compared with the absorbance without washing procedure (Figure 4.13). 
Most of the absorbance caused by impurities is eliminated; however, there is still 
absorbance at wavelengths below 260nm with a peak around 200nm. Although peak in 
the UV range for blank filter extracts is not a concern after the filter washing is 
implemented, we still need to identify the valid spectral range based on other three 
considerations (Section 4.1.5).  
 
Figure 4.13 Absorbance of the methanol extracts for blank filter after Whatman filter was washed. 
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Effect of drying procedure on OC on the residual filters 
The residual filter after extraction was dried in a petridish coated with aluminum foil in 
the fume hood to remove the interference from solvent on OC mass analysis. . The time 
for the drying procedure was generally two to three hours. Contaminations can come 
from OC in the ambient environment and possibly the solvent residue which was not 
totally evaporated. Table 4.5 shows measured OC on the dried residual filters after 
extraction of a blank filter (3124) with different solvents. Results show that the drying 
procedure caused a contamination on the residual filter, which is 4μgC/cm2 for methanol 
extract, 2μgC/cm2 for acetone extract and 0.5μgC/cm2 for water extract. However, the 
contamination is only less than 5% of the concentration of collected OC (usually more 
than 100μgC), and therefore it will have little effect on concentration calculation. 
Table 4.5 OC concentration on the dried residual filters after extraction of a blank filter with 
different solvents.  
Filter No. OC(μg C/cm2) EC(μg C/cm2) 
3124 0.39 0.00 
3124AC 1.77 0.27 
3124M 3.68 0.00 
3124WT 0.10 0.00 
3124 is the original filter before extraction, 3124AC, 3124M and 3124WT are the residual filters after 
extraction with acetone, methanol and water respectively. 
4.6.2 Biases and uncertainties from absorbance measurement 
Baseline shift  
As suggested in the manual of the UV-vis spectrophotometer, baseline correction should 
be performed at the beginning of each batch of absorbance measurement of the same 
solvent extracts. The purpose of baseline correction was to eliminate (1) the difference of 
instrument response at different wavelengths (2) difference on measured absorbance from 
reference and sample cuvettes and (3) the interference from solvent on measured 
absorbance of samples. The baseline correction was performed by having blank solvent 
in both reference and sample cuvettes, and the corrected baseline should be a flat line 
with absorbance at all wavelengths close to zero.  
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The baseline may shift after a couple of samples. I investigated this phenomenon for 
methanol and water extracts. Baseline absorbance was measured by running solvent in 
both reference and sample cuvettes right after the baseline correction and after a few 
samples. Baseline shift was observed after a few samples, and this shift for the methanol 
extract is much larger than in the water extract. The shift only happens in the wavelengths 
shorter than 300nm, which is beyond the valid wavelength range for our discussion, and 
the magnitude is relatively very small compared with absorbance of the sample extract. 
However, baseline correction was performed after every three samples during the 
analysis to ensure the quality of the results. 
 
Figure 4.14 Baseline shift for (a) methanol extract and (b) water extract. 
Scan speed 
The scan speed of the spectrophotometer can be chosen from “very fast” to “very slow”. 
For a whole spectrum scan from 190 to 800nm, it takes less than 1 minute for a “very 
fast” scan and 3 minutes for a “very slow” scan. The comparison here indicates that scan 
speed does not affect the results. This information can be useful is there are a huge 
number of samples which need to be analyzed in one batch. Fast scans can save a lot of 
time without losing the quality of the spectra. However, for my samples, I still set the 
scan speed to “very slow” in order to avoid noisy signal and ensure a flat baseline. 
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Figure 4.15 Comparison of absorbance measured at different scan speed. Note that the magnitude of 
absorbance of blank filters is shown in the secondary y-axis. 
Solvent effect on absorption 
The chosen solvent may affect absorption of some materials (Reichardt, 2003). To 
investigate this possibility, the absorbance of the same sample in methanol and water was 
compared. Methanol extract of filter 3186 (3186M_original) was vacuum dried and the 
dried material was redissolved in either methanol (3186M_M) or in water (3186M_W). 
5% methanol was added with the water to aid dissolution. The experimental procedure is 
illustrated in Figure 4.16. I measured the absorbance of 3186M_M, 3186M_W and 
3186M_original. Result is shown in Figure 4.17. The ratio between 3186M_original and 
3186M_M remains around 1, confirming that vacuum drying does not change the 
absorption of the material.  The ratio between 3186M_M and 3186M_W indicates that 
the visible absorption of the materials in methanol extract is about 10-20% higher when 
they are in water.  
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Figure 4.16 Experiment design to evaluate solvent effect on absorbance. 
 
Figure 4.17 Effect of water on the absorption of methanol extracts. 
4.6.3 Effect on OC mass and absorbance of filter storage 
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As stated in Section 4.1.2, quartz filters were stored in the freezer (-4°C) before and after 
sampling. Long-time storage may cause loss of volatile and semi-volatile organic carbon 
from the filter, and possible structural change of organic compounds, thus changing the 
optical properties. OC/EC analysis was done for three sample filters before and after 
stored in the freezer for different length of time periods. Storage of 90 days causes an OC 
loss of 5%, and storage of 110 days causes an OC loss of 11.5%.  
At wavelengths shorter than 400nm, the extracts of OC on the filter after 90-day storage 
has lower absorbance and absorption per mass than those of the fresh filter analyzed right 
after sampling and the difference is within 2%. As the wavelengths become longer, both 
the absorbance and absorption per mass is higher for OC after storage. The difference can 
be as high as 20% at 500nm where the actual absorbance is low (near detection limit). 
The difference between the ratio of absorbance and ratio of absorption per mass is due to 
the change of mass between two tests, which is 5%.  
 
Figure 4.18 Ratio of absorbance and absorption per mass of extracts between filters extracted right 
after sampling and after stored for 90 days. 
Solution stored in the refrigerator 
Extract solutions were stored in the refrigerator before UV-vis absorption analysis. Tests 
were also conducted to estimate the effect of storage on absorbance of OC in the 
solutions. For methanol extracts, solution after stored for less than a week shows a 
slightly higher absorbance (difference less than 10%), and 10-20% higher absorbance 
after stored for 95 days. For water extract, after stored for 95 days, absorbance in the UV 
range does not change too much, while absorbance in the visible range dramatically 
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changes by up to 70%.  The increase of absorbance after storage could be possibly due to 
the higher concentration cause by the loss of solvent.  
 
Figure 4.19 Ratio of absorbance between extracts right after extraction and after stored for various 
periods. M indicates methanol extracts, and WT indicates water extract.  
In my experiment, filters and solutions were generally analyzed no more than 3 days after 
sampling, which was not expected to make a big uncertainty. Future research should also 
be aware of the storage issue if immediate analysis is not available. 
4.6.4 Summary of uncertainties 
Here, I summarize the possible causes of uncertainties investigated. I mainly focus on the 
uncertainties associated with methanol and water extracts, because they will be the main 
focus in the later discussion as stated in Section 5.2.  
Table 4.6 Summary of experimental biases and uncertainties investigated in Section 4.6. 
Source of 
uncertainty 
Section Uncertainty 
Comments and 
Recommendations 
    
Pipet 4.6.1 
Methanol: 1.57%  
Water: 0.21%  
 
    
Solution mass loss 
during sonication 
and filtration 
4.6.1 
Methanol extracts: 17% 
Water extracts: 12% 
Not affect the concentration 
that  used to derive 
absorption per mass 
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Table 4.6 (cont.) 
Source of 
uncertainty 
Section Uncertainty 
Comments and 
Recommendations 
    
Contamination from 
syringe filter during 
filtration 
4.6.1 
Absorbance observed in 
the UV range 
Wash syringe filter with 
20mL solvent prior to 
filtration 
Contamination in 
the drying 
procedure 
4.6.1 
Methanol extracts: 
4μgC/cm2 
Water extracts: 
0.5μgC/cm2 
Less than 5% of the total 
OC concentration 
    
Baseline shift 4.6.2  
Perform baseline correction 
after 3 samples 
    
Scan speed 4.6.2 No effect 
Slow speed helps avoid 
noisy baseline. Fast speed 
can be chosen for large 
amount of samples  
    
Filter storage in 
freezer 
4.6.3 
OC Mass on the filter: 
5% loss for 90 days and 
11% loss for 110 days 
Absorbance of the 
extracts: little change in 
the UV range, but can 
be up to 20% in the 
visible range 
Analyze right after sampling  
    
Solution storage in 
the refrigerator 
4.6.3 
Absorbance of methanol 
extracts: less than 10% 
higher after a week, 10-
20% higher after 90 
days. 
Absorbance of water 
extracts: little change in 
the UV range, up to 
70% change in the 
visible range 
Analyze right after 
extraction 
4.7 Functional group analysis using NMR 
Both 1H and 13C nuclear magnetic resonance (NMR) spectroscopy was utilized to 
determine functional groups in the OC extracts.  
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4.7.1 Sample preparation 
Sample amount required in NMR experiments is much higher than that for the UV-vis 
absorption analysis, usually more than 20mg in 0.6mL solvent. New OC samples were 
generated for NMR analysis by pyrolyzing multiple pieces of wood. The whole filter was 
then extracted with larger volume of solvents (15-17mL) following the procedure in 
Section 4.1.3. Extracts normally contained around 30 mg of carbon. The extract was then 
dried in a dry-bath incubator (Isotemp, Fisher Scientific) at 50°C to evaporate all the 
solvents. During the drying procedure, OC with low volatilities was also removed. 
However, since this part of OC has been shown not to contribute much of the absorption,  
(Secion.5.7), the problem does not affect the comparison between functional groups that 
contribute to absorbing OC. Dried OC was redissolved into 0.6mL deuterium solvent for 
NMR analysis. Deuterium dimethyl sulfoxide (DMSO-d6) was used as the solvent 
because of its capability to dissolve large amount of sample in very small volume of 
solvent. Deuterium methanol, acetone and water were tested, but were not suitable for 
this work because precipitation was observed for the high-concentration sample in these 
solvents due to the limitation on solubility.  
4.7.2 NMR analysis and data representation 
NMR experiments were performed at the NMR lab in the School of Chemical Science in 
the University of Illinois at Urbana-Champaign. Liquid 1H and 13C NMR spectra were 
acquired on a Varian Unity 500 at the frequency of 500MHz for 1H and 125.7MHz for 
13C. Experiments were carried out at 35°C to avoid the freezing point of DMSO (19°C). 
128 transients were taken for 1H NMR spectra and around 5000 transients were taken for 
13C NMR.  
All NMR spectra was split into several spectral regions based on the chemical shift of 1H 
and 13C atoms in different functional groups, as shown in Table 4.7 and Table 4.8. The 
regions were determined based on Tagliavini et al. (2006) and Graham et al. (2002) for 
1H NMR and Sannigrahi et al. (2006) and Duarte et al. (2007) for 13C NMR with slight 
modifications according to the solvent peaks. The integrated peak areas in each region 
were determined and solvent residual peaks were subtracted. Data processing and peak 
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integration (including residual peak subtraction) were carried out using the MestReNova 
software (Mestrelab Research, Santiago de Compostela, Spain). The software returns 
absolute peak areas relative to a reference peak, of which the peak area is unity. 
Percentage peak areas of individual regions were then calculated by dividing their areas 
by the total spectra peak area of the sample. The percentage peak areas are a 
semiquantitative measure of the relative contributions of different functional groups to 
the OC present in the sample because the spectral range of each function group is only an 
approximate estimate. These values allow us to understand the prevalence of certain 
functional groups in OC composition. 
Table 4.7 Categorized functional groups in 1H-NMR. 
Range (ppm) Functional groups 
0.6-1.8 Aliphatic hydrogen (R-H) 
1.8-3.1 Hydrogen in a position to carbonyl or aromatic carbon (=C-C-H) 
3.1-4.4 Protons attached to carbon atoms singly bonded to oxygen (H-C-O) 
4.4-5.5 Hemiacetals and acetals (O-C H-O) 
6.0-7.0 Vinylic hydrogen (=C-H) 
6.5-8.4 Aromatic hydrogen (Ar-H) 
9.0-12.0 Carbonxylic acids (OH) and aldehydes (O=C H- or HO-C=O) 
Solvents residual signals 
2.48-2.52 DMSO 
3.10-3.25 Methanol CH3 
4.00-4.02 Methanol OH 
3.30-3.34 H2O 
Table 4.8 Categorized functional groups in 13C-NMR. 
Range (ppm) Functional groups 
0-45 Alkyl (C-C) 
45-95 N-alkyl (C-N) or O-alkyl (C-O) 
95-110 Anomeric / acetal C (O-C-O) 
110-140 Aromatic and unsaturated C (C=C-(C,H)) 
140-160 Aromatic C bonded to N or O (C=C-(O,N)) 
160-190 Carboxylic acids / ester, amide (O=C-(OH/NH2)) 
190-230 Carbonyl C of aldehydes and ketones (O=C-(R, H)) 
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Table 4.8 (cont.) 
Solvent residual signals 
Range (ppm) Functional groups 
39-41 DMSO 
49-49.5 Methanol 
4.7.3 Determination of recycle delay 
Recycle delay (d1) is a critical operation parameter for NMR experiments. During the 
recycle delay, the excited sample returns to its equilibrium state. Too short d1 will result 
in inaccurate results due to the loss of signal because sample is not fully relaxed for the 
next excitation, while too long d1 will result in waste of spectrometer time. The optimized 
recycle delay was determined with a trial-and-error method for both 1H and 13C NMR. A 
series of four experiments was performed on a typical methanol extract, in which the 
recycle delay was set to 1s, 3s, 5s and 10s. The optimized d1 was determined when the 
percentage peak area of each functional group was constant. In the optimization 
experiments, 128 and 256 scans were taken for H and 13C NMR respectively. Optimized 
recycle delay was determined by comparing the percentage peak area of each region for 
different d1.  
For both 1H and 13C NMR, the change of percentage peak areas is less than 3% when 
recycle delay was increased from 5 seconds to 10 seconds. We therefore use d1 of 5 
seconds for the samples. For 13C NMR, regions of 160-190 and 190-230 were not 
included because the areas for those two regions were below detection limit. 
66 
 
 
Figure 4.20 Determination of the recycle delay for (a) 1H and (b) 13C NMR. 
4.8 Summary 
This chapter describes the method development to measure OC absorption in the bulk 
liquid phase and derive the climate relevant variable: absorption per mass of carbon 
(a/r). I also developed the method to measure functional groups of organic carbon using 
nuclear magnetic resonance techniques. Results from the blank tests and reproducibility 
tests were discussed. I investigated the experimental biases and uncertainties associated 
with each step of the bulk liquid absorption measurement procedure, and some of them 
can also be applied to the future studies on aerosol extractions.  
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5 Light absorption of OC from wood pyrolysis2 
5.1 Experiment design 
By utilizing the method developed in Chapter 4, in this chapter, I describe OC absorption 
and the effect of pyrolysis conditions. This task was accomplished by choosing 
appropriate pyrolysis variables and measuring the associated OC absorption. Both wood 
characteristics (type, size) and pyrolysis temperature affect the properties of OC that is 
generated (Reid et al., 2005a; Roden, 2008). I generated OC samples in a series of 
controlled pyrolysis experiments and analyzed absorption from the sampled filter. Table 
5-1 details the different variables and gives the proposed values for each variable.   
Table 5.1 Fuel characteristic and pyrolysis temperature tested. 
Variables  Description 
Wood type 
pine (soft wood)  
oak (hard wood) 
Wood size 
(cross-section × length) 
(0.64 cm × 1.92 cm) × 1.92 cm (S)  
(1.92 cm × 1.92 cm) × 1.92 cm (M)  
(1.92 cm × 1.92 cm) × 5.76 cm (L) 
Pyrolysis temperature 
210°C (low) 
270°C (medium)  
360°C (high) 
The choice of wood type for biofuel combustion in different regions is diverse and 
generally based on locations and the ease to obtain, and therefore, there is no information 
regarding the use percentage of oak and pine for global biofuel combustion. However, 
they have been reported to be widely used in real cookstoves, and they have been chosen 
in both standard cookstoves performance tests and field tests in different regions such as 
central America, Asia and Africa (Berrueta et al., 2008; Granderson et al., 2009; Jetter 
and Kariher, 2009; Johnson et al., 2010; Roden et al., 2006; McMeeking et al., 2009; 
Bhattacharya et al., 2002; Oanh et al., 2005; Oanh et al., 1999; Ludwig et al., 2003). In 
my research, I also chose pine and oak to study the effect of fuel type on OC absorption. 
                                               
2 Reproduced in part with permission from Chen and Bond (2010), copyright 2010 Yanju Chen and Tami C. 
Bond. 
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The two types of wood were purchased at a local building supply store as ~1.9 cm thick 
boards. The boards were cut with a table saw into the wood sizes described in Table 5.1.  
Preliminary experiments had indicated that wood size affected emission rates and particle 
properties. Heat transfer into the wood is most rapid into the shortest dimension, but mass 
transfer of the volatile material out of the wood occurs along the wood grain—the longer 
dimension—until cracks form in the wood (Roberts, 1971). Thus, volatile material can be 
held at a high temperature for a long time. This situation is similar to observations of 
wood used for cooking (Roden et al., 2006), where white smoke escaped mainly from the 
end of the fuel. Therefore, I chose these three sizes including two with same length and 
two with same cross-section area. In all the cases, the wood moisture was very low, 4-8% 
as determined by heating wood at 120°C for 24 hours.  
The main components of wood are cellulose, hemicellulose and lignin, Wood pyrolysis 
products can be categorized into different temperature ranges, and the main products at 
each temperature range are different (Shafizadeh, 1982; White and Dietenberger, 2001; 
Bryden, 1998). (1) At 100-200°C, wood becomes dehydrated, releasing water vapor. 
Noncombustible gases such as CO2, CO, formic acid and acetic acid are mainly generated 
from the breakdown of cellulose. The reaction in this temperature range is endothermic. 
(2) At 200-300°C, the hemicellulose and lignin components are pyrolyzed in this 
temperature range and reactions are endothermic. In addition to the gases, tar - consisting 
of aromatic organics which are viscous liquid at standard pressure and temperature – is 
released. (3) At 300-450°C, there is a significant production of flammable volatiles, and 
the yield of tar increases as temperature increases (Shafizadeh, 1982). Cellulose is 
pyrolyzed at 300-350°C and yield levoglucosan and other tar products. The degradation 
of lignin also happens in this temperature range. Exothermic reactions are reported due to 
the secondary reactions of the pyrolysis tarry products to become volatile gases (Chan et 
al., 1985). (4) Above 450°C, only char remains after the burn. The pyrolysis products 
escape from the wood, condense on the cooling plume, and thus are sampled as OC 
materials. In my experiment design, I chose three generation temperatures which 
approximately lie in the first three temperature regions of wood pyrolysis to investigate 
the difference on absorption among the pyrolysis products. . 
69 
 
OC samples were generated under conditions specified in Table 5.1 and extracted by 
various solvents (acetone, methanol, hexane and water). In total, 18 complete 
experiments and analyses were carried out with differing generation temperatures 
(210±20°C, 270±20°C and 360±20°C), wood types and wood sizes. Samples are referred 
to using the format “type_size_temperature” (e.g. oak_M_270). All the samples are listed 
in Table 5.2; results on AAE and a/r will be discussed later in this chapter. Additional 
experiments to elucidate the nature of samples will also be described later. 
Table 5.2 Overview of sample information and measured absorption.  
Wood 
type 
Wood 
size 
Temperature  
(°C) 
a/r 
methanol extract 
(400nm) 
MAC from 
PSAP data 
(467nm) 
MAC/ 
a/r 
(467nm) 
pine M 210 1278 505 2.2 
oak M 210 1984 1190 3.1 
pine L 210 3464 1693 2.1 
oak L 210 4510 4038 3.5 
pine S 270 3973 1747 1.9 
oak S 270 4314 2747 2.9 
pine M 270 3952   
oak M 270 6596 7513 4.0 
oak M 270 6317 5739 3.0 
oak M 270 7425 6457 2.8 
oak M 270 6720 9049 4.6 
pine L 270 3498 2979 3.5 
oak L 270 5973 6086 3.4 
pine M 360 8841 9654 3.6 
oak M 360 10430 10448 3.3 
oak L 360 10091 10590 3.4 
pine L 360 10631 9599 3.2 
oak L 360 9707   
5.2 Absorption by extracts in different solvent 
In Objective 2, I hypothesized that OC with varying light absorption is associated with 
different polarities. Compounds with various polarities have also been detected from 
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biofuel combustion samples (Rogge et al., 1998; Schauer et al., 2001). I used four 
different solvents to extract OC samples: methanol, acetone, hexane and water. The main 
properties of the solvents are listed in Table 5.3. Hexane is a non-polar solvent and water 
is the most polar solvent. The polarity of acetone and methanol is between them. 
Table 5.3 Solvent properties. 
Solvent Dielectric Constant Dipole Moment 
Hexane 1.89 ~0 
Acetone 21.01 2.88 
Methanol 33 1.7 
Water 80.1 1.85 
Figure 5.1 illustrates the average fraction of OC extracted by these four solvents. For 
every sample, the amount of OC extracted by solvents is acetone ≈ methanol > water > 
hexane. Acetone and methanol extract almost all the OC, from 92% to 98%. The fraction 
extracted by water and hexane varies from 51% to 88% with an average of 73% for 
water, and from 33% to 64% for hexane with an average of 52%. The results for water-
soluble fraction are consistent with highly variable previous results: 40-99% reported by 
Novakov and Corrigan (1996) for smoldering combustion, and 41-74% observed by 
Graham et al. (2002) in biomass burning aerosols. Because of the high extractable 
fraction (greater than 92%, for these samples), I further consider absorption by methanol 
extracts to represent the behavior of total OC.  
Figure 5.1 also shows extracted fractions at different generation temperatures. The OC 
fraction extracted by acetone, methanol and water does not change much with generation 
temperature. However, the fraction extracted by hexane decreases when generation 
temperature increases (significance level of 0.05); average fractions are 63%, 54% and 
42% at 210°C, 270°C and 360°C respectively. OC from oak has an 11% higher fraction 
of water-soluble substances than from pine (significance level of 0.05, not separated in 
Figure 5.1). No obvious trend of extractable fraction with wood size was found for 
methanol and acetone. However, water usually extracts a higher fraction of OC for 
samples from smaller wood. 
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Figure 5.1 Fraction of total OC extracted by different solvents. The numbers in the parentheses 
indicate the number of samples analyzed at each temperature. Methanol and water extraction were 
performed for all 18 samples, number of samples extracted by acetone and hexane: total: acetone 
(14), hexane (7); 210°C: acetone (4), hexane (2); 270°C: acetone (6), hexane (2); 360°C: acetone (4), 
hexane (3). 
Absorption per mass (α/ρ) is shown in Figure 5.2 for sample generated from pine_L at 
360°C. Results from other wood types and sizes have similar trends but different values. 
For all samples, α/ρ values of methanol and acetone extracts are higher than those of 
water and hexane extracts. All the extracts appeared yellow, with absorption both at UV 
and visible ranges, and increasing absorption with decreasing wavelength. Brown to 
yellowish organic carbon was also observed from smoldering combustion by Patterson 
and McMahon (1984) and from coal combustion by Bond (2001). 
Methanol and acetone extracts have the same α/ρ (absorption per mass) within 
measurement error. Kirchstetter et al. (2004) thought that OC not soluble in acetone 
might contribute some absorption, but their samples were not pure OC and might have 
been affected by EC. In my samples, most OC is soluble in acetone and no colored 
residue is observed.  
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Figure 5.2 Typical absorption spectrum for pine_L generated at 360°C (Dashed lines indicate data 
below the instrument detection limit). 
Light absorption by organic carbon soluble in water and hexane is always smaller than 
that dissolved in methanol and acetone. Table 5.4 compares water extracts and methanol 
extracts for one size pine wood (pine_M) and shows the ratio of absorbance and a/r 
between the two extracts at different wavelengths. Other samples have similar trends. 
Recall that OC in the methanol extracts represents the behavior of total OC because of 
the high extract fraction (greater than 92%) by methanol. The ratio of total absorbance 
(A) indicates how much of the total absorption is extracted in water. The contribution of 
water-soluble OC is greater at shorter wavelengths, and this relationship is monotonic. 
Absorption per mass (a/r for water-soluble OC is much lower than that for total OC, 
which means that water-soluble OC is much less light absorbing than the total OC. As 
generation temperature increases, the contribution of water-soluble OC to total absorption 
decreases.  
Absorption of hexane extracts, which should contain non-polar OC, was also lower than 
that of methanol extracts. For 210°C samples, α/ρ of hexane extracts was smaller or equal 
to that of water extract. At higher generation temperature, α/ρ of the hexane extracts also 
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increased, and became greater than that of water extract, but it was still lower than that of 
methanol extract (e.g., averaged approximate 65% for oak_M_360).  
Table 5.4 Ratios of absorbance A and absorption per mass a/r between water extracts and methanol 
extracts for pine_M samples generated at 210°C, 270°C and 360°C. Data are not available at 380nm 
for 210°C and 270°C samples, because at 380nm absorbance A is greater than 1. 
 Ratio of A Ratio of a/r 
 380nm 400nm 450nm 500nm 380nm 400nm 450nm 500nm 
210°C ---- 0.63 0.44 0.38 ---- 0.70 0.48 0.42 
270°C ---- 0.29 0.17 0.14 ---- 0.43 0.25 0.21 
360°C 0.25 0.19 0.13 0.14 0.32 0.24 0.17 0.18 
In sections that follow, we will investigate the effect of temperature and wood 
characteristics. For these discussions, we will use methanol extracts since they represent 
the total carbon, and water soluble OC since it is important for hygroscopic properties of 
OC. 
The α/ρ values presented here imply that the absorption of the methanol extracts comes 
from at least two types of OC: a less-absorbing, water-soluble OC, and a water-insoluble 
OC which has even higher absorption than the methanol extracts. In order to confirm this 
hypothesis, sequential extraction tests were conducted for two samples (oak_M_270, 
oak_L_360). A punch of filter was first extracted by water using the method described in 
Section 4.1.3, and the residual filter was extracted again by methanol after drying. Figure 
5.3 shows spectra for one of these samples; the other produced similar results. OC 
extracted by methanol after water extraction was 18% of the total OC, but this small 
portion contributed 35-45% of the total absorbance, or 1-3 times that of the water extract, 
depending on the wavelength. Therefore, a/r  for this fraction of OC was much higher 
than those of methanol and water extracts. By performing another water-hexane 
sequential extraction, we found that the residual after water extraction was partially 
soluble in hexane (60%), while the remaining 40% could be extracted only by methanol. 
Moreover, the water-insoluble but hexane-soluble part accounted for only 6% of the total 
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absorbance. Therefore, we believe that the strongly light absorbing components are only 
extractable in methanol (not in either water or hexane). 
 
 
Figure 5.3 (a) Spectra of absorbance and (b) absorption per mass for sample oak_M_270, of 
methanol extract, water extract, and methanol extract after water extraction. Note that there is no 
“water + methanol after water” curve in figure (b) because the normalized absorption (i.e. 
absorption per mass of carbon) is not additive, while absorbance is. 
As discussed in Section 4.6.2, materials extractable by methanol had about 10-20% 
higher visible absorption when they were re-suspended in water, so the finding that 
methanol-soluble material has higher absorption is valid regardless of solvent. In the 
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following part of this chapter, I provide the absorption data from methanol extracts 
without correction for this solvent effect. 
5.3 Effect of temperature and fuel characteristics on OC absorption 
5.3.1 Pyrolysis temperature 
I investigated three different pyrolysis temperatures: 210°C, 270°C and 360°C. Actual 
temperature varied 20°C from the nominal temperatures. Figure 5.4 shows the change in 
α/ρ with temperature for oak_M and oak_L; pine exhibited similar trends. Small-sized 
wood was not investigated for temperature effect because it was difficult to generate OC 
at low temperature for small-sized wood. For medium-sized wood, an increase from 
210°C to 360°C results in a considerable increase of α/ρ, approximately a factor of 9 for 
pine_M (averaged from 390nm to 470nm) and 7 times for oak_M (averaged from 390nm 
to 460nm). For large wood, a slight difference was observed between 210°C and 270°C 
samples, while samples at 360°C have much higher α/ρ values than 210°C and 270°C 
samples. For α/ρ values for WSOC followed the same temperature dependent trends as 
total OC, but the absolute values of α/ρ were lower. In summary, α/ρ increased with 
increased pyrolysis temperature.  
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Figure 5.4 Generation temperature dependence of absorption per mass (a/r) of methanol extracts 
(medium and large size oak wood).  Shorter wavelengths for values of A greater than 1 are 
eliminated based on the wavelength validation discussed in Section 4.1.5 and the results at longer 
wavelength side below instrument detection are indicated by dashed lines. 
5.3.2 Wood type 
Figure 5.5 illustrates the variation of α/ρ values for methanol extracts with varying wood 
type and size, when temperature is held constant. At 210°C, wood size and type affect the 
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absorption of OC generated, while at high temperature (360°C), the discrepancy is within 
the uncertainty range. Results at 270°C are similar to those at 210°C.  
At the lowest temperature, OC generated from pyrolysis of oak has higher absorption per 
mass than that from pyrolysis of pine. At 210°C, the ratio between the two is 1.3 for large 
size and 1.6 for medium size averaged over 380nm to 450nm.  No significant difference 
was observed for samples generated by small size at 270°C. Since all other variables are 
the same, this discrepancy must be caused by a difference in wood type, and many such 
differences have been reported Rogge et al. (1998) and McDonald et al. (2000). Schauer 
et al. (2001) reported higher resin acids and substituted guaiacol emissions in pine 
combustion than in oak combustion, while substituted syringol compounds absent from 
pine combustion were found in oak combustion. Despite the differences resulting from 
wood type, the larger difference is caused by generation temperature. 
5.3.3 Wood size 
During wood pyrolysis, devolatilizing material travels along the wood grain in the 
absence of fissures and eventually escapes to the ambient air. Thus, the length along the 
grain governs the residence time of OC precursors inside the wood, and that residence 
time is larger in longer wood (Roberts, 1971). On the other hand, the smallest cross-
sectional area governs the rate of heat transfer into the wood, so medium and large wood 
are heated at approximately the same rates. In our study, M wood is a cube, and L wood 
has the same cross-section but is three times longer along the grain. S wood has the same 
length along the grain as M wood, but its cross-section is three times smaller. Figure 5.5 
shows the dependence of α/ρ on wood size at different temperatures. For samples at 
lower temperatures, larger wood results in a higher absorption. Residence time of 
volatiles has been reported to affect the product from wood pyrolysis (Lewellen et al., 
1977; Mohan et al., 2006). We hypothesize that the longer residence time in the large 
wood allows polymerization which results in greater absorption per mass. At higher 
temperatures, that polymerization takes place even without the increased residence time.   
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Figure 5.5 Effect of wood type and size on absorption per mass (a/r) of methanol extracts (a) 210°C, 
(b) 360°C (note the scale change for two figures). 
5.3.4 Summary of changes in absorption with pyrolysis conditions 
In summary, absorption change is generally monotonic across the spectrum. If a change 
in combustion conditions causes an increase in absorption, the increase occurs at all 
wavelengths, although the fractional change may not be the same across the spectrum. 
Increasing wood temperature leads to higher absorption. I hypothesize that this increase 
results from polymerization of the volatile matter before it exits the wood. Wood type has 
a smaller effect on absorption. Pine emissions have lower absorption than oak at the 
intermediate temperature, but at the higher temperature the absorption is identical. We 
suggest that the thermal decomposition consists of similar transitions for any wood, that 
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one of these includes polymerization and that it occurs at a lower temperature in oak than 
in pine. The reactions that increase absorption are temperature-dependent, but residence 
time within the wood—which we alter by changing wood size— can make up for 
temperature, to some extent. 
5.4 OC absorption from PSAP measurement 
For this study, the PSAP was the only measurement of particulate absorption available, 
and the 467-nm measurements are the only ones that overlap the valid wavelength.  
PSAP measures absorption coefficient of particles, after been adjusted for filter 
enhancement as recommended by Bond et al. (1999). By normalizing absorption 
coefficient by particle mass concentration, which can be inferred from OC mass 
measurement, we can obtain particle mass absorption cross-section (MAC) with the same 
unit as a/r cm2/g (Section 2.1). Figure 5.6 shows that particle MAC increases with 
combustion temperature, and this is consistent with the trend of absorption per mass from 
the extracts.  
 
Figure 5.6 Particle MAC (467nm) inferred from PSAP absorption data. 
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The ratio between the PSAP measurements and the extracts is summarized in Table 5.2. 
That ratio ranges from 1.9 to 4.6, meaning that the PSAP measurements of particle 
absorption are much higher than absorption in the extracted liquid.  
Some difference is expected because the value of absorption by particles (MAC) is not 
identical to bulk absorption by liquid. Sun et al. (2007) derived a relationship for the ratio 
between these two values, , in the small-particle limit. To extend this analysis, Figure 
5.7 (Bond, 2009, personal communication) shows  for several refractive indices and 
particle sizes. The value is constant with size for small particles, varying only with the 
real part of the refractive index. Depending on particle size, absorption per mass by 
particles can be double that of bulk liquid if the particles are in the resonance region 
where surface currents contribute to absorption. Such high values of enhancement occur 
for less absorbing particles. We conclude that the difference between particles and bulk 
liquid may contribute to, but cannot fully explain, the discrepancy between PSAP and 
extracts. 
Another possible explanation for the disagreement is the known uncertainties in the 
PSAP, which may result from deformation of the particles (Subramanian et al., 2007). 
By comparison with a photoacoustic instrument, Lack et al. (2008) showed that the PSAP 
appears to have an unwarranted response to organic aerosol. However, that study 
analyzed mixed black carbon and organic carbon aerosol, so it is difficult to draw 
conclusions about the contribution of pure organic carbon aerosol. The disagreement 
could also be caused by the possible particle loss during the filtration of the extracts after 
sonication (Section 4.6.1).  
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Figure 5.7 Particle effect for various sizes and refractive indices. Values in parentheses in legends are 
absorption coefficients (cm-1) at 550 nm. Peak positions, but not approximate magnitudes, change 
with wavelength.  
5.5 Absorption Angstrom exponent (AAE) 
As introduced in Section 2.1, Absorption Ångström exponent (AAE) is a measure of the 
spectral dependence of aerosol light absorption. It is defined as: 
    = 	
−ln 	(   (  )    (  )⁄  
ln	(     ⁄ )
 Eq. 2-3 
For the liquid extracts, AAE was determined by performing a linear regression of ln(a/r) 
against ln() through the valid wavelength range for each sample (0.02<A<1 and 
l>300nm). For the PSAP data, AAE was determined with Eq. 2-3 by taking 1 and 2 as 
467 and 550nm respectively. Table 5.5 shows AAE from both bulk liquid and particle 
absorption measurement. Values of AAE of methanol extracts, ranging from 6.9 to 11.4, 
are shown in Figure 5.8 (R2 ranges from 0.989 to 1.000). This is comparable with the 
values for acetone extractable OC (Kirchstetter et al., 2004), water soluble humic-like 
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substances (HULIS) (Hoffer et al., 2006) and OC formed in propane combustion with 
C/O ratio of 0.61 (Schnaiter et al., 2006).  
Table 5.5 Measured Åap (whole investigated range, UV range and visible range). 
Wood 
type 
Wood 
size 
Temp 
(°C) 
AAE of methanol extracts AAE of 
water 
extracts 
 from 
PSAP 
(467_550nm) 
Whole 
range 
UV  
(-400nm) 
Visible 
(400nm-) 
pine M 210 10.9 11.8 10.7 14.8 8.6 
oak M 210 10.1 13.3 9.7 14.5 6.4 
pine L 210 11.4 14.3 9.5 17.8 6.4 
oak L 210 10.0 12.2 8.5 16.8 5.2 
pine S 270 9.5 10.7 9.4 14.4 5.4 
oak S 270 9.1 12.0 8.9 15.2 5.9 
pine M 270 8.8 9.8 8.8 15.6  
oak M 270 8.2 9.5 8.1 15.2 4.6 
oak M 270 8.1 9.6 7.8 13.9 4.2 
oak M 270 8.1 9.2 8.0 12.4 4.2 
oak M 270 8.7 8.7 7.9 9.4 3.4 
pine L 270 9.5 11.5 9.0 16.4 7.0 
oak L 270 8.1 9.4 7.8 15.8 5.0 
pine M 360 7.8 7.9 7.8 9.4 5.7 
oak M 360 6.9 6.6 7.6 8.6 5.3 
oak L 360 7.5 7.5 7.8 9.7 4.9 
pine L 360 7.5 7.3 8.4 9.4 5.8 
oak L 360 7.1 6.9 7.8 8.8  
AAE tends to decrease when generation temperature increases. AAE of samples from 
pine smoldering is slightly, but not significantly, higher than that from oak. We can infer 
that higher AAE values are associated with weakly absorbing particles, which is 
consistent with real-time results in Roden et al. (2006). Using a dividing point of 400 nm, 
we also calculate AAE for the ultraviolet and visible ranges separately. AAE in the UV 
range is 0.95-1.3 times of that at the whole UV-vis range, from 6.6 to 14.3. For all but the 
samples by large wood at 360°C, AAE is higher in the UV range. 
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I also calculated AAE of water extracts in the valid wavelength range. Because of the 
lower absorbance of water extracts, for some samples, data were only valid in the UV 
range (<400nm). Water extracts had much higher AAE than methanol extracts, ranging 
from 8.6 to 17.8, although they exhibited similar dependence on wood size and 
temperature as methanol extracts. 4 samples generated at 360°C showed much lower 
AAE for water extracts than other samples. 
AAE was also calculated from PSAP data based on absorption on blue and green 
wavelengths (467nm vs. 550 nm). It is lower than that measured in bulk liquid. It also 
shows the similar trends: higher PSAP AAE associated with less absorbing particles. 
 
Figure 5.8 Absorption Angstrom exponent of OC vs. measured absorption (a) in methanol extracts, 
AAE from 380nm to 460nm vs. a/r at 400nm; (b) from PSAP measurement, AAE calculated based 
on wavelengths of 467 vs 550nm vs. MAC at 467nm. 
While the AAE of methanol extracts represents the wavelength dependence of absorption 
of the bulk OC material, the AAE of PSAP represents that of OC particles with specific 
0
2000
4000
6000
8000
10000
12000
6 7 8 9 10 11 12
a
/r
 a
t 
4
0
0n
m
 (
cm
2 /
g)
Absorption Ångström Exponent (380-460nm)
210C
270C
360C
0
2000
4000
6000
8000
10000
12000
2 4 6 8 10 12
M
A
C
 a
t 
4
6
7
n
m
 (
cm
2
/g
)
Absorption Ångström Exponent (467 vs 550nm)
(a)
(b)
84 
 
size parameters. AAE for the bulk OC material is higher than that for OC particles, with a 
ratio of 1.24 to 2.32. The size effect accounts for part of the difference between those two 
AAE values. The difference was also observed when AAE was calculated for bulk matter 
and particles of which the absorption was calculated with Mie theory (Moosmüller et al., 
2011). The AAE for bulk matter is up to 1.17 and 1.75 times of that for particles with 
diameter of 100 nm and 300 nm respectively when the wavelength is in the resonance 
region. The measurement artifacts of PSAP as introduced in Section 2.3.2 could also 
contribute to the difference of AAE.  
5.6 Nature of light absorbing OC  
We suggest the light absorbing OC in our samples is large molecular weight PAHs and 
oxygenated species which are formed through polymerization of small molecules present 
in the wood. Sun et al. (2007) discussed two kinds of organic carbon: a water-soluble 
organic mixture with some UV-visible absorption (Havers et al., 1998; Hoffer et al., 
2006) and a water-insoluble organic carbon with higher absorption. Kirchstetter et al. 
(2004) and Schnaiter et al. (2006) provided such data for biomass burning and propane, 
respectively. 
Our results lend further support to this hypothesis. Although water-soluble organic 
carbon from wood combustion absorbs some visible light, a large fraction of absorption is 
caused by organic carbon that is not water-soluble but is extractable by methanol or 
acetone. Figure 5.9 compares our results for the sequentially-extracted filters with the 
data tabulated by Sun et al. (2007) Ranges for water-soluble aerosols are marked “water-
soluble minimum and water-soluble maximum” and “water-insoluble”. The UV 
absorption of water-soluble OC lies between the ranges provided by Sun et al. (2007) 
while the visible absorption of that OC is lower than the minimum values tabulated in 
that work.  Our samples were collected at the source, while the other tabulation examined 
atmospheric aerosol. Water-solubility might develop after oxidation in the atmosphere. 
Our data confirm that water-insoluble, more-absorbing OC exists, but our measured 
absorption is not as strong as that suggested by other measurements.  
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Large molecular PAHs (Kilbane, 1998; Stovall et al., 2005) might be candidate 
compounds to represent the more-absorbing OC, but those would be extractable in 
hexane. We hypothesize that the higher absorption comes from large, non-polar 
molecules which contain conjugated aromatic rings similar to PAHs, but that these rings 
are also directly attached to polar functional groups such as oxygen or nitrogen. Such 
complex molecules have been widely reported as products from biomass combustion at 
both flaming and smoldering conditions (Evans and Milne, 1987; Rogge et al., 1998; 
Schauer et al., 2001; Fitzpatrick et al., 2007; Weimer et al., 2008). Compared to small 
organic compounds, these molecules have more aromatic rings, (i.e. a higher degree of 
conjugation), which makes the absorption increase and shift to longer wavelengths 
(Apicella et al., 2004). Quinoid compounds are strong candidates for such compounds 
(Del Vecchio and Blough, 2004; Sun et al., 2007). PAHs were hexane-extractable while 
quinones could not be extracted by hexane but only by methanol (Xia et al., 2004; Shima 
et al., 2006). These substances might be detected in methods designed to isolate humic-
like substances (HULIS; (Graber and Rudich, 2006)).  
These complex molecules are formed by polymerization of the low molecular weight 
fragments during wood pyrolysis. Increased temperature enhances this polymerization, 
forming larger molecules with higher absorption per mass. Evans and Milne (1987) 
reported the formation of more polynuclear aromatics with increasing temperature. 
Oxygenated PAHs increased with temperature during the combustion of pine wood 
(Fitzpatrick et al., 2007). 
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Figure 5.9 Comparison with other results, generation condition: oak_L_360. Range for water-soluble 
aerosol, and an estimate for water-insoluble aerosol, are taken from Sun et al. (2007). “Acetone-
soluble” is taken from Kirchstetter et al. (2004). 
5.7 Chemical characterization of OC using NMR techniques 
To further investigate the chemical structure of OC, NMR spectroscopy was utilized to 
analyze functional groups of four OC extracts (different pyrolysis temperature, total OC 
vs. water-soluble OC). The extracts came from two samples, generated at 350°C and 
425°C respectively. Both methanol and water extracts were prepared for NMR analysis 
for the two samples. Before generating this material, the combustor was reconfigured so 
that the thermocouple measures temperature at a point around 5mm away from the wood 
surface instead of being directly attached to the wood surface. The “characteristic” 
temperature is higher from the same wood temperature. The new generation temperature 
is comparable with 280°C and 360°C under the previous configuration, although the new 
measured temperature is 350°C and 425°C respectively.  The exact temperature is less 
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important since we will mainly focus on the comparison between methanol and water 
extracts. Samples are referred as low T and high T samples respectively.  
Figure 5.10 shows 1H and 13C NMR spectra for the methanol extract of sample generated 
at 425°C. The high solvent peaks were cut off so the peaks from the sample are enlarged. 
Both spectra show a few sharp peaks which are attributable to major substances present at 
relatively high concentrations. There are a large amount of continuous small peaks, 
suggesting a complex mixture of substances, each occurring in low concentration. As can 
be inferred from both the spectra and percentage peak area (Figure 5.11 and Figure 5.12), 
there are large contributions from C-O and aliphatic functional groups, followed by 
aromatic rings and C-C double bond. When comparing two different extracts, results 
from 1H NMR indicate that there are more O-C-O acetal functional groups in water 
extracts. No general trends are observed for other functional groups.   
 
Figure 5.10  NMR spectra of methanol extract of sample at 425°C (a)  1H and (b) 13C. The reported 
chemical shifts are relative to the solvent. The chemical shifts of the solvent (DMSO-d6) are identified 
according to Fulmer et al. (2010). 
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Figure 5.11 Percentage of total 1H NMR peak area under each spectral region for methanol and 
water extracts of OC generated at two temperature. 
1H-NMR spectroscopy has certain disadvantages for the speciation of organic compounds 
based (Graber and Rudich, 2006). Information on the chemical environment of protons is 
obtained, but not on the carbon structure. Therefore, alternative interpretations of 1H-
NMR spectra can be possible. For example, low intensity of proton associated with 
aromatic carbon indicates the abundance of aromatic hydrogen is low. This can have 
three causes: (1) the abundance of aromatic structure is low (2) most of the protons in the 
aromatic structures have been substituted and (3) there are large molecule of polycyclic 
aromatic compounds in which no proton is associated with aromatic carbon in the inner 
position. We further investigate the difference between methanol and water extracts with 
13C NMR. For both samples, there is less aromatic or unsaturated carbon and aliphatic 
carbon in water extracts, but they have higher contents of carbon bonded with single 
oxygen or nitrogen. Since the different was not observed in 1H NMR spectra, it indicates 
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that there are more carbon atoms in the aromatic ring or carbon double bonds which are 
not bonded with hydrogen. This is consistent with our discussion in Section 5.6, water 
cannot extract some large molecules with conjugated aromatic rings or C-C double bond. 
These functional groups contribute to the more-absorbing OC in the water insoluble part.   
 
Figure 5.12 Percentage of total 13C NMR peak area under each spectral region for methanol and 
water extracts of OC generated at two temperature. Difference of contribution from two major 
functional groups is highlighted with green circles. 
5.8 SVOC correction  
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comparisons between pyrolysis conditions. To provide data suitable for radiative-transfer 
models, SVOC should be separated from NVOC.  
As discussed in Section 4.3.2, the contribution of SVOC on both OC mass and absorption 
was determined by heating filters in the OC/EC analyzer at 170°C. This temperature 
roughly reproduces atmospheric partitioning but does not cause charring of OC. OC on 
the original filter represents TOC, while that on the heated filter represents NVOC 
portion. I analyzed OC concentration and bulk liquid absorbance for both original filters 
and heated filters. I was looking for the ratios of NVOC/TOC for both absorbance and 
OC concentration (Rabs and Rconc respectively), indicating how much of the measurement 
is due to NVOC. Rabs and Rconc were applied to the a/r of TOC to obtain a/r of NVOC 
using Eq. 5-1.  
   ⁄
    
=    ⁄
   
∙
    
     
 Eq. 5-1 
At each generation temperature, two new samples were generated, one with medium 
sized wood and the other one with large sized wood because these are the two main wood 
sizes discussed previously. Because wood type did not show a large effect on absorption 
(Section 2.3.2), I only chose oak to study the ratios of Rabs and Rmass. For each 
temperature, Rabs and Rmass were determined with the average of the two samples.  
Loss of absorbance from the heated filters indicates that contribution of absorbance by 
SVOC and NVOC is spectrally dependent (Figure 5.13). For samples generated at 
moderate and high temperatures, NVOC contributes to 80-90% absorbance at 360nm, 
while for the samples generated at low temperature NVOC contributes 60% of the total 
absorbance. Measurement uncertainty cannot account for this difference. This indicates 
that the removed SVOC does contribute to the UV light absorption, and we need to 
account for this effect when estimating the absorption of NVOC. Increased absorbance 
(10-30%) in the visible range was observed and it could be due to the chemical changes 
of organic carbon when heated. Since the absorbance for the heated filter was not lower 
than that of the original filter, we suggest that SVOC does not contribute to the visible 
absorption, although this question requires further study.  
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Figure 5.13 Absorbance by TOC and NVOC for sample generated from oak_M_270. This sample is 
shown as an illustrative example and other samples show the same results. 
The curves in Figure 5.14 indicate the ratio of absorbance by NVOC over that by TOC 
for samples generated at different temperatures. We applied the ratio curve to correct for 
the absorbance by NVOC for samples generated at different temperatures. 
 
Figure 5.14 Ratio of absorbance in the UV range of NVOC and TOC. 
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I used the amount of OC retained after 170°C heating to indicate the mass of NVOC. The 
averaged mass ratio of NVOC/TOC is 0.56, 0.69 and 0.61 for samples generated at 
210°C, 270°C and 360°C respectively.  
The SVOC correction does not change my previous conclusion that methanol-extractable 
material has higher absorption than water-extractable material although I did not test the 
SVOC correction for water-soluble material. To negate this conclusion, water-extractable 
SVOC would have to contribute 60% of the total OC, which was not observed. 
Furthermore, as a general rule, lower volatility aerosol has lower water solubility 
(Schwarzenbach et al., 2003), which means that water actually extracts less SVOC than 
methanol does. 
5.9 Final results for models – absorption by NVOC 
I adjusted the absorption per mass at UV wavelengths using the temperature-specific 
results separately for NVOC absorbance and carbon. The ratio between the corrected 
absorbance and carbon gives a corrected value of a/r according to Eq. 5-1. This is the 
best guess of values to be used for OC properties in radiative-transfer models.  
Figure 5.15 shows the average and standard deviation of a/r at each generation 
temperature. The dependence of absorption on generation temperature is apparent even 
when variation due to wood types and size is included by the upper and lower boundaries. 
Samples generated at lower temperatures have a larger variation due to the effect of wood 
size and wood type, while at high temperature wood size and wood type have little effect 
on absorption. The ratio between high-temperature and low-temperature absorption is 
about 4 at visible wavelengths (400-550nm) and somewhat lower at ultraviolet 
wavelengths.  
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Figure 5.15 Averaged absorption per mass of carbon a/r after correction for SVOC. Dashed lines 
with the same color indicate upper and lower range. 
Table 5.6 provides the numeric value of a/r at 300-600nm. Imaginary refractive index is 
calculated using Eq. 5-2, and can be applied into radiative-transfer models. In Eq. 5-2, 
a/r has the unit of cm2/g,  is the wavelength in the unit of nm, density of OC r is 
1.1g/cm3 as provided by Schkolnik et al. (2007). 
  =  
 
 
 	 ∙
 
4 
∙   ∙ 10   Eq. 5-2 
Table 5.6 Absorption per mass of carbon a/r and imaginary refractive index of organic carbon from 
wood combustion at different generation temperatures. 
Wavelength 
a/r (cm2/g) Imaginary refractive index k 
Low T Mid T High T Low T Mid T High T 
600 138 197 516 0.0007 0.0010 0.0027 
580 192 268 706 0.0010 0.0014 0.0036 
560 265 366 954 0.0013 0.0018 0.0047 
540 365 509 1310 0.0017 0.0024 0.0062 
520 503 711 1846 0.0023 0.0032 0.0084 
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Table 5.6 (cont.) 
Wavelength 
a/r (cm2/g) Imaginary refractive index k 
Low T Mid T High T Low T Mid T High T 
500 700 1006 2644 0.0031 0.0044 0.0116 
480 962 1429 3846 0.0040 0.0060 0.0162 
460 1323 2034 5626 0.0053 0.0082 0.0227 
440 1931 2960 8328 0.0074 0.0114 0.0321 
420 3000 4368 11720 0.0110 0.0161 0.0431 
400 4987 6770 16540 0.0175 0.0237 0.0579 
380 8001 10768 22435 0.0266 0.0358 0.0746 
360 15822 18113 30821 0.0499 0.0571 0.0971 
5.10 Climate impact of light-absorbing OC  
Partially absorbing aerosols may exert a negative top-of-the-atmosphere (TOA) direct RF 
over dark surfaces such as oceans or dark forest surfaces, and a positive TOA RF over 
bright surfaces such as desert, snow and ice, or if the aerosol is above cloud (Forster et 
al., 2007). Therefore, it is worthwhile to explore the impact of the light-absorbing OC in 
different locations, such as over or under clouds, over snow et al. 
We use a variant of “simple forcing efficiency” defined by Bond and Bergstrom (2006) to 
provide a first estimate of the climatic impact of these particles. This value was originally 
a manipulation of the equation in Chylek and Wong (1995) equation that normalizes 
impact by particle mass. A wavelength-dependent version that can be integrated to 
produce total forcing is:  
    
  
= −
1
4
  ( )
  
    
  ( )(1 −   )[2(1 −   )
  ( ) ∙    ( ) − 4   ∙    ( )] Eq. 5-3 
where SFE is the simple forcing efficiency (W/g), dS()/d is the wavelength-dependent 
solar irradiance, atm is the wavelength-dependent atmospheric transmission, which can 
be obtained from the ASTM G173-03 Reference Spectra, Fc is the cloud fraction (0.6), as 
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is the surface albedo which will depend on the location of the aerosols,  is the 
backscatter fraction, and MSC and MAC are the mass scattering and absorption cross 
sections per gram, respectively. .  
Using the imaginary refractive indices derived in this chapter, along with a fixed real 
refractive index of 1.55, we performed Mie calculations every 5 nm between 300 and 950 
nm to provide mass scattering and absorption efficiencies and backscattering fractions. 
When measured data were not available due to instrumental detection limits, we extended 
the measured data with the Angstrom exponent relationship on the ultraviolet side, and a 
linear relationship on the visible side. The linear extrapolation is not based on physical 
reasoning, but affects the forcing very little. We use this model with OC generated at 
both high and low temperatures, as well as non-absorbing particles (imaginary refractive 
index 0.0001). Mie simulations assumed a count median diameter of 150 nm and a 
geometric standard deviation of 1.5, similar to observations of fresh aerosol in our 
laboratory. In our model, surface albedo is held constant at the values shown in the 
figure. 
Figure 5.16 (a) shows forcing at each wavelength for a surface albedo of 0.19. Integrated 
forcing from 300 to 950 nm is - 25 W/g for particles from high-temperature burning, - 32 
W/g for the low-T particles, and - 37 W/g for non-absorbing particles. All particles have 
net negative forcing. Our model does not include hygroscopicity, which increases particle 
size and negative forcing. Thus, our forcing efficiencies should be illustrative only. 
However, they are much lower than those in global climate models, about -80 W/g, 
(Schulz et al., 2006). A full climate model would be necessary to determine the actual 
forcing caused by this absorption. Including absorption changes forcing efficiency by 
only a few percent, compared to the average from global climate models. Unless 
absorption by real ambient aerosol is higher than that measured here, representing it is 
probably not important for global average clear-sky forcing. 
Figure 5.16 (b) repeats the calculation for particles over a bright surface. Forcing 
integrated over the solar spectrum is 41 W/g for the high-temperature particles, 12 W/g 
for the low temperature particles; and - 1.8 W/g for the particles with no absorption. The 
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contribution of absorbing organic material could be important in energy balances over 
bright surfaces. Global average radiative forcing of absorbing OC, considering its 
location above and below clouds and relative to bright surfaces, should be assessed with a 
general circulation model. 
 
Figure 5.16 Simple forcing efficiency of particles above an average albedo (a) and snow (b). 
Integrated forcing for average and snow albedo, respectively: High T, -25 and 41W/g Low T, -32 and 
12W/g; no absorption: -37 and -1.8W/g. 
5.11 Summary 
Based on the methods developed in Chapter 4, I measured light absorption of organic 
carbon generated at different temperatures, wood types and wood sizes. I provide 
estimates for the absorption per mass of carbon contributed by non-volatile organic 
carbon at varying generation temperatures. The main findings are: 
(1) Biofuel combustion produces yellow or brown carbon. Absorption increases as 
wavelength decreases. 
(2) Methanol extracts almost all of the total organic carbon, while the portion of water-
soluble OC is 51-88% and depends on generation temperature. 
(3) Water-soluble OC absorbs some light. However, a large fraction of the absorption 
part is water-insoluble, but extractable by methanol, and this material has greater 
absorption per mass.  
(4) Increasing generation temperature and possibly, longer residence time in the wood 
produce higher absorption. Wood type has a smaller effect on absorption. 
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(5) Semi-volatile OC does not contribute to visible absorption.  
(6) NMR analysis demonstrates that high absorption comes from large molecules 
containing C-C double bonds or aromatic rings. 
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6 A review of ambient BC MAC from measurements 
BC MAC is an essential variable in radiative-transfer models to estimate BC direct 
radiative forcing. Bond and Bergstrom (2006) summarized MAC of freshly generated BC 
measured at or near combustion sources, and suggested that there is a consistent value of 
MAC about 7.51.2m2/g, however, they excluded ambient measurements. The absorption 
can be enhanced by a factor of 1.5 when BC is coated with non-absorbing aerosols such 
as OC and sulfate after evolved from real combustion (Bond et al., 2006; Schnaiter et al., 
2005). Models apply the value of 7.5, sometimes including the enhancement of 1.5, to 
predict BC absorption, but these values haven’t been compared with ambient 
measurements. There is no consensus around ambient values of BC MAC because the 
comparison varies dramatically depending on sample and instrumentation. Researchers 
are generally cautious about comparing measured BC MAC with theoretical values 
because of the large uncertainties related with both mass and absorption measurement. 
This task aims to understand the variance of BC MAC inferred from ambient samples by 
reviewing literature where BC mass and absorption measurement were collocated. We 
anticipate BC MAC inferred from certain types of measurements can be at least 
constrained in a range and there are also some consistent trends when comparing MAC 
obtained from different measurements although the absolute values are different. 
Uncertainties related with mass and absorption measurements were introduced in Section 
2.3.1 and 2.3.2. In this chapter, I start with the discussion of instrumental variance for BC 
mass and absorption measurement separately in Section 6.1 and 6.2. An understanding of 
these uncertainties is required to understand the review of ambient BC MAC values that 
appear in Section 6.3. Consistency and a relatively constrained range of BC MAC appear 
despite different measurements. 
6.1 EC mass measurement 
We discuss six thermal methods which have been mainly employed in literature that 
infers BC MAC. Recall that the quantity of BC determined with thermal methods is 
usually called elemental carbon (EC) (Section 2.3.1), and I will use the term of EC in the 
discussion of mass measurement below.  
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All of the six methods are based on evolving gas and measure total carbon (TC) – the 
sum of OC and EC. The methods use different ways to separate OC and EC. As discussed 
in Section 2.3.1, OC charring can be an issue on EC determination because OC may 
pyrolyze or “char” during heating with the absence of oxygen and the pyrolytic OC (PC) 
coevolves with EC (Tanner et al., 1982; Cadle et al., 1983). The first three methods try 
to eliminate OC interference by removing OC from original samples. The latter two apply 
a stepwise temperature profile to determine OC (non-oxygen environment) and EC 
(oxygen environment), and correct for OC charring with thermal-optical techniques based 
on Huntzicker et al. (1982) and Johnson et al. (1981). Filter transmittance or reflectance 
decreases (filter darkens) as OC chars during the non-oxidizing heat ramp, and then 
increases (filter lightens) as PC burns in the oxidizing heat ramp. Thermal-optical 
techniques determine the split between OC and EC by the point at which the filter 
transmittance or reflectance reaches its initial value. The temperature and optical 
monitoring protocols can be critical factors to determine the operational defined OC and 
EC, i.e., the OC/EC split (Birch, 1998; Cadle and Mulawa, 1990; Chow et al., 2001). The 
OC/EC separation and charring correction for each method is briefly listed in Table 6.1, 
and described in detail below.  
Table 6.1 List of EC mass measurement methods. 
Method name OC/EC separation method Treatment of charring 
  
Novakov EGA  Remove OC with acetone prior to analysis 
  
OC oxidation 
Heat sample under a pure oxygen flow at low temperature around 
300°C to remove OC 
  
German VDI 
Heat sample for 60 seconds at 200 °C and for 420 seconds at 500°C 
in pure N2 to remove non-extractable OC 
  
NIOSH TOT 
OC is analyzed in a pure helium 
atmosphere and EC is analyzed in an 
oxygen-helium environment 
Monitor transmittance 
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Table 6.1 (cont.) 
Method name OC/EC separation method Treatment of charring 
   
IMPROVE TOR 
OC is analyzed in a pure helium 
atmosphere and EC is analyzed in an 
oxygen-helium environment 
Monitor reflectance 
  
Schmid TOT 
Temperature is continuously increased 
(T=20 °C/min) to a final temperature 
of 800 °C in pure O2. OC and EC is 
separated by monitoring transmittance 
Monitor transmittance 
(1) Novakov EGA method. All of the thermal methods mentioned here are indeed 
analyzing evolved gas. Here, we use evolved gas analysis (EGA) method to specify the 
one developed by Novakov (1981, 1982). In the EGA method, the filter is progressively 
heated at a certain rate with a constant supply of oxygen. A copper oxides catalyst 
converts carbon-containing gases evolved from the sample to CO2, which is measured by 
a NDIR analyzer. In early research, EC was practically determined by the peak at 
450±15°C (peaks at lower temperature were considered to be OC), and EC mass was 
estimated by integrating the area of this peak in the thermogram (Ellis and Novakov, 
1982). Later EC was determined by removing OC with acetone prior to EGA analysis 
(Novakov et al., 2000; Novakov and Corrigan, 1995; Kirchstetter et al., 2004).  
(2) OC oxidation method. The method is based on an optimized two-step combustion 
procedure after removing carbonate through exposure of filters to HCl fumes (Cachier et 
al., 1989). The first step is called the precombustion step, when the samples are heated 
under a pure oxygen flow at low temperature around 300°C to remove OC. The 
optimized conditions of the precombustion is 340°C for 2 hours as reported by Cachier et 
al. (1989), in order to maximize the release of volatile organic carbon but minimize OC 
charring and EC loss. In the second step, EC remained in the sample is completely 
oxidized at 1100°C and CO2 is determined by coulometric titration.  
(3) German VDI method. This is a standardized technique developed in Germany. In the 
VDI 2465/1 method (VDI, 1996; Petzold and Niessner, 1995). OC is extracted with a 
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50:50 mixture of toluene and 2-propanol for 24 hours. The sample is then dried and 
heated for 60 seconds at 200 °C and for 420 seconds at 500°C in pure N2 to remove non-
extractable OC. EC is then evolved as CO2 by heating at 650°C for 120 seconds in an O2 
atmosphere and determined by coulometric titration.  
(4) NIOSH TOT method. The analysis has two stages (Birch and Cary, 1996; Birch, 
1998). In the first stage, OC and carbonate carbon in the sample are volatized in a pure 
helium atmosphere as the temperature is stepped to about 900°C. The temperature is then 
reduced and an oxygen-helium environment is introduced. In the second stage, the 
temperature is then raised to about 860°C by steps; PC and EC are evolved. A general 
temperature profile is shown in Table 6.2 The temperature profile has been slightly 
modified by different researchers to accommodate different samples (Peterson and 
Richards, 2002; Schauer et al., 2003; Schmid et al., 2001; Sharma et al., 2002; Yu et al., 
2002), and they are all referred as NIOSH TOT in the later discussion. All carbon 
evolving from the filter is oxidized to carbon dioxide, and then reduced to methane, and 
measured with FID. It is called a thermal-optical-transmittance (TOT) method because 
filter transmittance is monitored during the whole procedure and used to correct for OC 
charring. The TOT method is included in the National Institute for Occupational Safety 
and Health (NIOSH) Manual of Analytical Methods for particulate diesel exhaust 
(NIOSH, 2003) and the analyzer is commercially available (manufactured by Sunset 
Laboratory, Tigard, OR, referred to Sunset analyzer hereinafter). The reproducibility tests 
were performed in different laboratories with the same Sunset analyzer and same protocol, 
and the relative standard deviation of the measurements is close to the instrument 
reported level of 5% (Schauer et al., 2003; Birch, 1998; Schmid et al., 2001). 
(5) IMPROVE TOR method. The working principle of the method is similar to that of the 
NIOSH TOT method, but it uses different temperature and optical monitoring protocols 
for charring correction (Chow et al., 1993; Chow et al., 2001). The temperature set points 
are lower than those of NIOSH and the residence time at each set-point is typically longer 
(Table 6.2). Filter reflectance is monitored to correct for OC charring (thermal-optical-
reflectance TOR method). The TOR method has been used to analyze aerosol samples 
from the Interagency Monitoring of Protected Visual Environments (IMPROVE) network 
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and the analyzer is commercially available (manufactured by Atmoslytic Inc., Calabasas, 
CA, referred to as DRI analyzer hereinafter). 
Table 6.2 Temperature protocols of NIOSH (Birch, 1998) and IMPROVE (Chow et al., 1993) 
methods. 
  NIOSH IMPROVE 
 
Carrier 
gas 
Temperature 
(°C) 
Duration 
(seconds) 
Temperature 
(°C) 
Duration 
(seconds) 
OC1 
helium 
250 60 120 
Until a well-
defined carbon 
peak has 
evolved, 
usually 160-
580s 
OC2 500 60 250 
OC3 650 60 450 
OC4 850 90 550 
EC1 
helium + 
2% 
oxygen 
650 30 550 
EC2 750 30 700 
EC3 850 60 800 
EC4 940 >120  
(6) Schmid TOT method. In Schmid TOT, temperature was continuously increased 
(T=20 °C/min) to a final temperature of 800 °C in pure O2. A MnO2 catalyst converts 
all the evolved carbonaceous gases to CO2 and CO2 was detected with NDIR. 
Transmittance charring correction was applied (Schmid et al., 2001). 
A large discrepancy for EC mass in ambient samples was observed from intercomparison 
experiments using different methods as summarized in Table 6.3. The difference between 
measurements is sample dependent.  
NIOSH TOT and IMPROVE TOR are the most common used protocols and a lot of work 
has been done to compare EC determined by these two methods. Main findings are 
summarized as below.  
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(1) TOT correction measured lower EC than TOR correction did when applying the same 
temperature protocol. TOT measured EC mass was around 70% of that measured by 
TOR for NIOSH protocol and 30-60% for IMPROVE protocol (Chow et al., 2004; 
Chow et al., 2009). Reflectance usually returns to its initial value before 
transmittance; therefore EC determined with TOR charring correction is generally 
higher than with the TOT correction. 
(2) Higher peak temperature in the non-oxygen environment can increase EC 
determination by up to a factor of 2. When two measurements both apply TOT 
correction, EC determined by the NIOSH temperature protocol is 45-67% of that 
determined by IMPROVE temperature protocol for ambient samples. The difference 
can be even greater (more than a factor of 4) for samples with higher OC content, 
e.g., wood smoke or and its extract (Schauer et al., 2003; Birch, 1998). Possible 
reasons can be (i) formation of char in the oxygen environment in IMPROVE 
protocol (Schauer et al., 2003); (ii) heavy OC evolves at EC stage in IMPROVE 
protocol since temperature at OC stage is not high enough (Birch, 1998); (iii) EC 
evolves at high temperature in OC4 step in NIOSH protocol (Chow et al., 2004). 
Charring could be reduced if a longer residence time were implemented at lower 
temperature steps to allow more of these compounds to leave the filter prior to the 
onset of charring, and therefore, the difference between NIOSH and IMPROVE 
protocol was reduced (Sharma et al., 2002).  
(3) The difference between NIOSH and IMPROVE temperature protocol is 10-30% if 
both measurements apply the TOR correction (Chow et al., 2004; Chow et al., 2009). 
(4) NIOSH TOT method determined EC is 20-55% of that determined by IMPROVE 
(Birch, 1998; Chow et al., 2004; Chow et al., 2009). NIOSH TOT measured 10% 
higher when a modified protocol was applied to allow long enough time at each 
temperature step to separate FID peaks (Sharma et al., 2002). 
Furthermore, IMPROVE TOR determined EC was 89-139% of that determined by OC 
oxidation method (Sharma et al., 2002; Chow et al., 2009). German VDI method 
measured higher EC than thermal-optical methods (Schmid et al., 2001). We haven’t 
found comparison among those methods and Novakov EGA method. As will be shown in 
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Section 6.3 and 6.4, the difference of EC by various measurement leads to the difference 
on the final determined MAC. 
Table 6.3 Comparison of EC mass measurement. 
Method A Method B Analyzer ECA/ECB Citation 
(1) Same temperature protocol, TOT vs TOR 
NIOSH TOT NIOSH TOR DRI 0.29 (Chow et al., 2004) 
IMPROVE TOT IMPROVE TOR DRI 0.67 (Chow et al., 2004) 
NIOSH TOT NIOSH TOR DRI 0.58 (Chow et al., 2009) 
IMPROVE TOT IMPROVE TOR DRI 0.71 (Chow et al., 2009) 
(2) Same optical monitoring, different temperature protocol 
NIOSH TOT IMPROVE TOTa Sunset 0.67 (Schauer et al., 2003) 
NIOSH TOT IMPROVE TOT DRI 0.45 (Chow et al., 2004) 
NIOSH TOT IMPROVE TOTb Sunset 0.67 (Sciare et al., 2003) 
NIOSH TOTc IMPROVE TOT 
A: Sunset 
B:  DRI 
1.09 (Sharma et al., 2002) 
NIOSH TOR IMPROVE TOR DRI 0.91, 1.01 (Chow et al., 2004) 
NIOSH TOR IMPROVE TOR DRI 0.71 (Chow et al., 2009) 
(3) NIOSH TOT vs. IMPROVE TOR 
NIOSH TOT IMPROVE TORb 
A: Sunset 
B: DRI 
0.60 (Birch, 1998) 
NIOSH TOT IMPROVE TOR DRI 0.50 (Chow et al., 2001) 
NIOSH TOT IMPROVE TOR DRI 0.29, 0.21 (Chow et al., 2004) 
NIOSH TOT IMPROVE TOR DRI 0.55 (Chow et al., 2009) 
NIOSH TOTc IMPROVE TOR Sunset 1.12 (Sharma et al., 2002) 
(4) Other comparisons 
IMPROVE TOR OC oxidation DRI 0.89 (Sharma et al., 2002) 
IMPROVE TOR OC oxidation DRI 1.39 (Chow et al., 2009) 
TOT/TOR German VDI  1.15-1.35 (Schmid et al., 2001) 
a IMPROVE temperature set-points, but with same time at each temperature step as Sunset protocol. 
Transmittance was monitored.  
b Modified IMPROVE with certain time at each temperature step, long than NIOSH 
c Modified NIOSH which allowed enough time at each temperature step to separate FID peaks 
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Three semi-continuous OC/EC analyzers have also been used to measure EC 
concentration. Turpin et al. (1990a) reported the first semi-continuous analyzer (called 
Turpin-SC hereinafter), based on the thermal-transmittance technique (Johnson et al., 
1981; Huntzicker et al., 1982). The analyzer has a separate “vapor analytical unit” and 
subtracts adsorbed organic vapor from the measured OC. The analyzer first heats to 
650°C in the He atmosphere to volatilize OC (with no steps), and then changes the 
atmosphere to 2% O2- 98% He to oxidize EC, with temperature increase to 750°C in 
steps. It was used in Southern California Air Quality Study by Turpin et al. (1990b) and 
Atlanta Supersite (Lim et al., 2003). Two other commercial semi-continuous analyzers 
are available. The Sunset Laboratory analyzer (called Sunset-SC hereinafter) has been 
widely used to monitor EC concentration (Bae et al., 2007; Knox et al., 2009; Jeong et 
al., 2004; Kondo et al., 2009; Yang et al., 2009; Snyder and Schauer, 2007; Bae et al., 
2004). Some of the Sunset-SC analyzers have been operated under a shortened protocol 
to reduce analysis time and increase sampling time (Bae et al., 2007; Jeong et al., 2004). 
This shortened protocol agrees with the normal NIOSH protocol within about 10% (Bae 
et al., 2007) (Snyder and Schauer, 2007). However, semi-continuous analysis may be 
affected if ambient mineral dust accumulates on the filter over a long-term run, causing 
the pre-evolution of EC (Polidori et al., 2006; Lim et al., 2003). Another commercial 
semi-continuous analyzer for EC is the R&P 5400 Ambient Particle Carbon Monitor 
(Rupprecht & Patashnick, Co., Albany, NY). The instrument differentiates between OC 
and EC by oxidizing samples in air at an intermediate temperature and at a high final 
burn temperature (Rupprecht et al., 1995).  
6.2 Absorption measurement 
The Particle Soot Absorption Photometer (PSAP, Radiance Research, Shoreline, WA) 
and the aethalometer (AE, Magge Scientific, Berkeley, CA) are commercial filter-based 
absorption instruments that are commonly used for ambient measurements. Measurement 
biases for the PSAP and AE were introduced in Section 2.3.2 as filter effect, scattering 
effect and loading effect. Instrument specific correction functions were developed to 
compensate for the artifacts for PSAP (Bond et al., 1999; Virkkula et al., 2005; Schmid et 
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al., 2006) and AE (Weingartner et al., 2003; Arnott et al., 2005; Collaud Coen et al., 
2010). 
The PSAP usually operates at a single wavelength (565nm) or three wavelengths (467, 
565 and 630nm). The PSAP reports absorption coefficient, and is traditionally corrected 
for filter effects (Bond et al., 1999). Modern versions of the AE have up to seven 
wavelengths covering the UV to the near-infrared wavelength range. Early versions (AE-
10) used white light in a wide spectral range, centered at about 840nm for loaded filters 
(Weingartner et al., 2003). Unlike the PSAP, the AE provides continuous unattended 
operation by changing the filter tape automatically. The aethalometer originally measures 
light absorption on the filter media, but the results are often reported in terms of BC 
concentration by dividing by an internal conversion factor. Light absorption can be back 
calculated by using the conversion factor used for the measurements, which is usually 
either 16.6 m2/g or 19 m2/g. However, this calculation does not account for the filter 
effect, and further correction has to be applied to yield absorption by suspended particles. 
In this chapter, we use the factor of 2.14±0.21 provided by Weingartner et al. (2003) for 
“pure” soot particles with no significant spectral dependence to correct for filter effect for 
the AE measurements.  
PSAP, AE and photoacoustic spectroscopy (PAS) are widely used to measure absorption 
and the comparisons among these methods for ambient aerosols are summarized in Table 
6.4. For the results reported, filter effect in PSAP measurements was corrected by the 
manufacturer, and that in AE is corrected with a factor of 2.14 unless other corrections 
were applied by the authors in the references. The corrections for scattering and loading 
effect are not applied since the attenuation data and concurrent scattering measurements 
are not usually available. We adjust all absorption to a wavelength of 550nm assuming 
that cross section varies inversely with wavelength, i.e., an absorption Angstrom 
exponent of 1 (Bond and Bergstrom, 2006).  
The table shows that filter-based instruments measure 1.4-2.1 times higher absorption 
than MAAP and PAS do except for Hitzenberger et al. (2006) in which AE was corrected 
with the factor determined from MAAP comparison. Comparison results from 
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experiments in which absorption and mass measurements are collocated are not listed in 
Table 6.3 or Table 6.4, as they will be investigated in Section 6.3. 
Table 6.4 Comparison of absorption measurement in ambient samples (measured absorption 
coefficient in the unit of Mm-1). 
Method A Method B ABSA/ABSB Citation 
PSAP PAS 1.67 (Arnott et al., 2003) 
AE PAS 1.42 (Arnott et al., 2003) 
AEa MAAP 0.77 (Hitzenberger et al., 2006) 
AEb PAS 2.13 (Chow et al., 2009) 
PSAPc  PAS 1.62 (Chow et al., 2009) 
AE MAAP 1.38 (Petzold and Schönlinner, 2004) 
IPd PAS 1.68 (Moosmuller et al., 1998) 
AEe PAS 1.39 (Moosmuller et al., 1998) 
a Corrected for filter effect with a factor of 3.94 determined by the authors 
b Corrected for filter, scattering and loading effect by the authors according to Arnott et al. (2005) and 
Virkkula et al. (2007) 
c Corrected for scattering and filter effect according to Virkkula et al. (2005) 
d Corrected according to Horvath (1997b) 
e AE-10-IM used white light, assuming centered wavelength at 804nm 
6.3 Summary of ambient BC MAC 
In this section, I review the references where EC mass and absorption measurements 
were collocated. BC MAC was generally obtained from the linear regression of mass vs. 
absorption for a number of samples, while a few publications calculated MAC for each 
sample and reported the average. Again, filter effect in PSAP measurements was 
corrected by the manufacturer, and that in AE is corrected with a factor of 2.14 unless 
other corrections were applied by the authors in the references. The corrections for 
scattering and loading effect are not applied. All absorption was adjusted to 550nm 
assuming an absorption Angstrom exponent of 1 (Bond and Bergstrom, 2006).  
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Table 6.5 and Figure 6.1 summarize BC MAC (corrected to 550nm) in 35 references for 
ambient BC sampled from urban, suburban, rural, remote and coastal areas in different 
seasons. Results are grouped according to absorption measurements in the y-axis, and EC 
mass measurements are indicated with different colors.  
Table 6.5 List of ambient BC MAC values (corrected to 550nm) and references, sorted by absorption 
and EC mass methods. 
Mean  
Std. 
dev.  
Absorption 
method 
EC mass method Citation  
15.5 
 
AE NIOSH TOT (Husain et al., 2007b) 
10.1 
 
AE NIOSH TOT (Krecl et al., 2007) 
14.6 0.7 AE NIOSH TOT (Rice, 2004) 
7.1 
 
AE NIOSH TOT (Sharma et al., 2002) 
5.6 
 
AE NIOSH TOT (Sharma et al., 2002) 
5.6 
 
AE NIOSH TOT (Sharma et al., 2002) 
14.4 
 
AE NIOSH TOT (Venkatachari et al., 2006) 
12.6 0.5 AE IMPROVE TOR (Allen et al., 1999) 
8.9 0.9 AE IMPROVE TOR (Babich et al., 2000) 
10.8 0.4 AE IMPROVE TOR (Babich et al., 2000) 
8.8 0.6 AE IMPROVE TOR (Babich et al., 2000) 
8.8 0.7 AE IMPROVE TOR (Babich et al., 2000) 
10.1 0.6 AE IMPROVE TOR (Babich et al., 2000) 
11.8 1.0 AE IMPROVE TOR (Babich et al., 2000) 
7.5 2.0 AE IMPROVE TOR (Park et al., 2006) 
6.5 
 
AE IMPROVE TOR (Sharma et al., 2002) 
4.8 
 
AE IMPROVE TOR (Sharma et al., 2002) 
8.3 
 
AE IMPROVE TOR (Zhang et al., 2008) 
9.0 0.5 AE OC oxidation (Liousse et al., 1993) 
15.0 1.0 AE OC oxidation (Liousse et al., 1993) 
13.5 0.7 AE OC oxidation (Liousse et al., 1993) 
3.7 0.4 AE OC oxidation (Liousse et al., 1993) 
14.1 
 
AE OC oxidation (Sharma et al., 2002) 
21.2 
 
AE OC oxidation (Sharma et al., 2002) 
5.7 0.4 AE VDI (Petzold et al., 1997) 
7.2 0.8 AE VDI (Petzold et al., 1997) 
9.8 0.6 AE VDI (Petzold et al., 1997) 
109 
 
Table 6.5 (cont.) 
Mean  
Std. 
dev.  
Absorption 
method 
EC mass method Citation  
13.8 0.0 AE VDI (Petzold et al., 1997) 
13.8 0.0 AE VDI (Petzold et al., 1997) 
9.2 1.2 AE VDI (Petzold et al., 1997) 
12.2 1.1 AE VDI (Petzold et al., 1997) 
7.0 0.4 AE VDI (Petzold et al., 1997) 
20.0 0.9 AE Sunset SC (Bae et al., 2007) 
19.2 1.7 AE Sunset SC (Bae et al., 2007) 
41.0 2.5 AE Sunset SC (Jeong et al., 2004) 
33.5 1.2 AE Sunset SC (Jeong et al., 2004) 
14.7 3.1 AE Sunset SC (Knox et al., 2009) 
14.7 2.8 AE Sunset SC (Knox et al., 2009) 
14.4 3.1 AE Sunset SC (Knox et al., 2009) 
12.9 3.0 AE Sunset SC (Knox et al., 2009) 
13.7 2.8 AE Sunset SC (Knox et al., 2009) 
12.9 2.5 AE Sunset SC (Knox et al., 2009) 
17.4 3.7 AE Sunset SC (Rattigan et al., 2010) 
24.8 3.7 AE Sunset SC (Rattigan et al., 2010) 
14.4 
 
AE Sunset SC (Venkatachari et al., 2006) 
11.6 
 
AE Turpin SC (Lim et al., 2003) 
11.7 
 
AE R&P 5400 (Lim et al., 2003) 
13.2 
 
AE R&P 5400 (Rice, 2004) 
15.7 
 
AE R&P 5400 (Rice, 2004) 
10.1 
 
AE R&P 5400 (Venkatachari et al., 2006) 
14.8 2.3 PSAP NIOSH TOT (Chuang et al., 2003) 
6.3 
 
PSAP NIOSH TOT (Clarke et al., 2004) 
18.0 
 
PSAP NIOSH TOT (Kondo et al., 2009) 
11.3 5.2 PSAP NIOSH TOT (Mader et al., 2002) 
12.5 
 
PSAP NIOSH TOT (Quinn et al., 2004) 
5.1 
 
PSAP NIOSH TOT (Sharma et al., 2002) 
3.7 
 
PSAP NIOSH TOT (Sharma et al., 2002) 
3.3 
 
PSAP NIOSH TOT (Sharma et al., 2002) 
7.7 
 
PSAP IMPROVE TOR (Sciare et al., 2003) 
4.4 
 
PSAP IMPROVE TOR (Sharma et al., 2002) 
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Table 6.5 (cont.) 
Mean  
Std. 
dev.  
Absorption 
method 
EC mass method Citation  
3.5  PSAP IMPROVE TOR (Sharma et al., 2002) 
10.5 
 
PSAP OC oxidation (Sharma et al., 2002) 
11.9 
 
PSAP OC oxidation (Sharma et al., 2002) 
5.5 2.8 PSAP Novakov (Mayol-Bracero et al., 2002) 
6.6 0.7 PSAP Novakov (Mayol-Bracero et al., 2002) 
15.4 
 
PSAP Sunset SC (Kondo et al., 2009) 
12.7 
 
PSAP Sunset SC (Kondo et al., 2009) 
12.4 
 
PSAP Sunset SC (Kondo et al., 2009) 
16.1 
 
PSAP Sunset SC (Kondo et al., 2009) 
11.3 
 
PSAP Sunset SC (Yang et al., 2009) 
6.2 
 
PSAP Turpin SC (Lim et al., 2003) 
6.4 
 
PSAP R&P 5400 (Lim et al., 2003) 
8.3 0.0 PAS NIOSH TOT (Andreae et al., 2008) 
9.8 2.0 PAS NIOSH TOT (Chow et al., 2009) 
5.9 2.4 PAS IMPROVE TOR (Chow et al., 2009) 
4.5 0.0 PAS IMPROVE TOR (Moosmuller et al., 1998) 
4.3 0.7 PAS IMPROVE TOR (Park et al., 2006) 
6.8 1.3 PAS OC oxidation (Chow et al., 2009) 
9.0 2.3 PAS Sunset SC (Chow et al., 2009) 
8.6 0.6 PAS Turpin SC (Turpin et al., 1990b) 
8.7 1.2 MAAP Schmid TOT (Hitzenberger et al., 2006) 
6.7 0.3 MAAP IMPROVE TOR (Park et al., 2006) 
7.4 0.2 MAAP OC oxidation (Cheng et al., 2008) 
6.8 0.8 MAAP OC oxidation (Hitzenberger et al., 2006) 
7.0 1.1 MAAP VDI (Hitzenberger et al., 2006) 
7.9 1.2 MAAP VDI (Petzold and Schönlinner, 2004) 
10.9  DIPM IMPROVE TOR (Chow et al., 2010) 
9.1  DIPM IMPROVE TOR (Chow et al., 2010) 
10.2  DIPM IMPROVE TOR (Chow et al., 2010) 
6.9  HIPS IMPROVE TOR (Chow et al., 2010) 
11.0  HIPS IMPROVE TOR (Chow et al., 2010) 
10.1  HIPS IMPROVE TOR (Chow et al., 2010) 
7.9  HIPS IMPROVE TOR (Chow et al., 2010) 
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Table 6.5 (cont.) 
Mean  
Std. 
dev.  
Absorption 
method 
EC mass method Citation  
8.2  HIPS IMPROVE TOR (Chow et al., 2010) 
8.0  HIPS IMPROVE TOR (Chow et al., 2010) 
12.4 3.0 LTM IMPROVE TOR (Chou et al., 2005) 
12.1 4.0 Reflectance OC oxidation (Martins et al., 1998) 
37.0 14.0 Reflectance OC oxidation (Martins et al., 1998) 
27.1  Transmissometer NIOSH TOT (Ahmed et al., 2009) 
27.1  Transmissometer NIOSH TOT (Ahmed et al., 2009) 
24.4  Transmissometer NIOSH TOT (Ahmed et al., 2009) 
21.8  Transmissometer NIOSH TOT (Ahmed et al., 2009) 
19.1  Transmissometer NIOSH TOT (Ahmed et al., 2009) 
Most of the absorption measurements employed filter-based techniques, especially AE 
and PSAP. PAS and MAAP were used in several references. Hybrid Integrating 
Plate/Sphere (HIPS) has been used to monitor absorption in the IMPROVE network, and 
the data from HIPS has been corrected for filter effect with a factor of 1.33 according to 
Bond et al. (1999). Other filter based methods include densitometer integrating plate 
method (DIPM), laser transmission method (LTM), reflectance and transmissometer, and 
each of them was employed in one single paper. Absorption from these three 
measurements is not corrected for filter effects because there is no recommended 
correction factor available. However, these filters are subject to the same physical 
artifacts as other filters, and absorption is probably overestimated.  
Figure 6.1 shows that most of the BC MAC values lie in the range of 3-20m2/g. MAC 
above 30m2/g was reported by Jeong et al. (2004) for absorption measured by AE with 
no specific reasons. Reflectance measured high MAC was for samples with very high 
potassium content (K/EC>0.75) (Martins et al., 1998) which caused an underestimation 
of EC mass due to pre-evolution of EC as discussed in Section 2.3.1. Absorption 
measured by transmissometer was high because filter effects were not corrected (Ahmed 
et al., 2009). These values will not be discussed further.  
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BC MAC varies from 3.3 to 41.0 m2/g for all the data and 3.3 to 24.8 m2/g when the 
extremely high values discussed above are removed. However, MAC values vary among 
different absorption or EC mass measurements. AE and PSAP were used for more than 
70% of the experiments, and the results reported span the entire range. For absorption 
measured by AE or PSAP, even among samples measured by the same method, MAC can 
differ by up to a factor of 6. A few experiments with PAS and MAAP provide more 
constrained MAC values, 5-10 m2/g for PAS and around 7 m2/g for MAAP. These two 
instruments largely eliminate the scattering effect from filter fibers and particles, which 
could partially account for the large variation of the results from filter-based 
measurements. For absorption measured by PAS, MAC shows the trend that Sunset SC ≈ 
Turpin SC ≈ NIOSH TOT > OC oxidation > IMPROVE TOR. For absorption measured 
by MAAP, all of the EC measurements provide similar MAC values, with slightly higher 
values from Schmid TOT. 
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Figure 6.1 Summary of all measured ambient BC MAC. Detailed citations can be referred to Table 
6.5.  
Figure 6.1 shows how the combination of absorption and EC measurements contribute to 
different estimates of MAC, but it is not easy to infer the most prevalent MAC 
measurements. Histograms showing the contribution of each measurement type (Figure 
6.2) show that BC MAC has a much wider range than fresh BC investigated by Bond and 
Bergstrom (2006). Recall that some of this variation could be caused by measurement 
artifacts. More than 60% of the data lie between 6 to 14 m2/g. When we take into account 
different absorption measurements, AE-based measurements have a peak around 13-14 
m2/g, while PSAP inference spreads over the range up to 12m2/g with no obvious peak. 
As also observed in Figure 6.1 PAS and MAAP inferred MAC have smaller ranges with 
peak at 8-9m2/g for PAS. This difference in variability could be caused by the wide range 
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in artifacts for filter-based absorption measurements (Lack et al., 2008; Bond et al., 1999; 
Arnott et al., 2005; Virkkula et al., 2007; Gundel et al., 1984; Hitzenberger, 1993; 
Petzold et al., 1997; Horvath, 1993). However, it could also result from the fact that PAS 
and MAAP measurements are much less widespread. 
 
Figure 6.2 Histogram of MAC as classified by (a) absorption measurement and (b) EC mass 
measurement. 
In the histogram showing distribution of MAC with respect to EC mass measurement, 
MAC inferred from IMPROVE TOR has a peak at 8-11 m2/g, and Sunset SC inferred 
MAC has peaks at 12-14 m2/g. Other EC mass measurements do not have obvious peaks. 
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The Sunset-type measurements – TOT are responsible for most of the high values 
because TOT might underestimate EC due to charring (Section 6.1).  
Next, we look for statistical differences among MAC values inferred by different 
methods. We compare only methods which have at least 5 reported values. The high 
values discussed previously will not be included since they will bias the mean and 
standard deviation of the data set. The mean and standard deviation of MAC inferred 
from each measurement method are listed in Table 6.6. Box plots of MAC from different 
absorption methods (top) and mass methods (bottom) are shown in Figure 6.3. For 
absorption measurements, the trend of MAC values is observed as AE > PSAP > HIPS > 
MAAP >PAS, although the multiple comparison (Tukey-Kramer method) shows that 
only MAC from AE and PAS is significantly different at a significance level of 0.05.  
Table 6.6 Mean and standard deviation for BC MAC measured by different methods (extremely high 
values of BC MAC are excluded). Number of data points in each method is indicated in the 
parenthesis. 
Absorption 
measurement 
Mean 
Std. 
dev. 
EC mass 
measurement 
Mean 
Std. 
dev. 
AE (47) 11.7 4.6 NIOSH TOT (17) 9.8 4.6 
PSAP (22) 9.3 4.5 IMPROVE TOR (28) 8.2 2.5 
PAS (8) 8.8 3.3 OC Oxidation (12) 11.0 4.7 
MAAP (6) 7.4 0.8 German VDI (9) 8.9 2.7 
HIPS (6) 8.7 1.4 Sunset SC (17) 15.1 3.7 
   R&P 5400 (5) 11.4 3.5 
Filter-based techniques provide higher averaged MAC than in-situ measurement (PAS) or 
MAAP which corrects for scattering. This might be partially due to the lack of correction 
for the scattering effect from particles which overestimates particle absorption. The 
magnitude of this effect depends on the particle composition (Petzold et al., 1997). 
Furthermore, even the applied correction factor for filter effect can be inappropriate for 
samples with various compositions and sizes. Nakayama et al. (2010) stated that the 
correction for PSAP filter effect depends on particle size due to the aerosol penetration 
depth into the filter. Correction factors from Bond et al. (1999) and Virkkula et al. (2005) 
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largely overestimated absorption for particles with diameters less than 200nm. The 
correction factor 2.14 we applied for AE filter effect can be low for different samples. 
Weingartner et al. (2003) reported the value of 3.6 for soot particles coated with OC. 
Schmid et al. (2006)  and Hitzenberger et al. (2006) found larger correction factors for 
their ambient samples, 4.55 and 3.94 respectively, which were derived in the same way as 
Weingartner et al. (2003) did.  
For EC mass measurement, MAC inferred from Sunset SC is significantly higher than all 
the other methods at a significance level of 0.05. This may be due to the misclassification 
of EC as OC when dust is present on the collection filters used over a long period, 
causing an underestimation of EC mass and thus overestimation of MAC. The trend of 
values from other methods is R&P 5400 > OC oxidation > NIOSH TOT > German VDI 
> IMPROVE TOR, but they are not statistically significantly different from each other.  
 
Figure 6.3 Box plot of BC MAC inferred from several main methods (a) absorption and (b) EC mass. 
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6.4 Intercomparison experiments of BC MAC 
As discussed previously in this chapter, measurements of EC mass and absorption differ 
greatly between samples. For this reason, the intercomparison of different methods on the 
same sample is important to understand how measurement biases the results of BC MAC. 
Table 6.7 lists six intercomparison experiments in which both EC mass and absorption 
were measured. Intercomparison for mass or absorption measurement only is summarized 
previously in Section 6.1and 6.2.  
Table 6.7 List of intercomparison literature (only methods used to infer MAC are listed). 
Citation  EC mass Absorption Sample description 
Same absorption measurement, different EC mass measurements 
(Hitzenberger et 
al., 2006) 
Schmid TOT 
OC oxidation 
VDI 
MAAP 
670nm 
Urban aerosol from Vienna in 
summer 2002. Daily average. 
(Venkatachari et 
al., 2006) 
Sunset-SC 
NIOSH TOT 
R&P 5400 
AE 
Urban aerosol, hourly average 
for Sunset-SC and R&P5400, 
daily average for NIOSH 
TOT 
Same EC mass measurement, different absorption measurements 
(Sharma et al., 
2002) 
OC oxidation 
IMPROVE TOR 
NIOSH TOTa 
PSAP 565nm 
AE 880nm 
 
Remote: Alert, Nov 1998- 
May 1999 and Jun - Aug, 
1998. 
Rural: Egbert, Jul, 1998. 
Suburban: Downsview, Jan, 
2000. 
Urban: Toronto, Mar, 2000 
and Aug, 2000 
(Snyder and 
Schauer, 2007) 
Sunset-SC 
PSAP 565nm 
AE 590nm 
Urban aerosol in Riverside, 
CA in summer 2005 
(Knox et al., 
2009) 
Sunset-SC 
PAS 760nm 
AE 880nm 
Urban aerosol in downtown 
Toronto in Jan-Feb, 2007 
Effect of corrections 
(Huffman, 1996) 
(Horvath, 1997a) 
IMPROVE TOR 
LIPM 
633nmb 
IMPROVE network sample 
a Modified protocol to allow long enough time at each temperature to separate FID peaks, also called 
MSC1 
b  In Horvath (1997a), LIPM data were corrected according to Horvath (1997b) 
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Figure 6.4 plots inferred MAC from these studies against references and absorption 
measurements, with the type of mass measurements indicated by different colors. The 
same samples with different measurements are connected with black solid lines.  In 
Hitzenberger et al. (2006), BC MAC was only determined for specific absorption 
measurements (PAS or MAAP) although more methods were employed in the intensive 
studies for instrumental comparison. A summary of the findings of intercomparison 
studies appears below. Most of the values from these studies were also included in Figure 
6.1 except for the MAC in Snyder and Schauer (2007) with no correction of filter effect 
and Huffman (1996) without absorption corrections of laser transmittance method.  
 
Figure 6.4 BC MAC from intercomparison literature. Solid black lines connect the same sample 
analyzed with different methods. 
Same absorption, different EC mass: Hitzenberger et al. (2006) used MAAP for 
absorption measurement, and three different EC measurements. The highest MAC value 
was inferred from Schmid TOT method (8.7m2/g). The Schmid TOT method applies 
transmittance to correct charring, but has a different temperature profile and evolved gas 
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measurement from NIOSH protocol. Other two methods German VDI and OC oxidation 
method both remove OC prior to EC analysis, and they yielded similar MAC values (7.0 
and 6.8 m2/g), 20% lower than that inferred from Schmid TOT. Venkatachari et al. 
(2006) measured absorption with AE. Although the reported MAC values are higher than 
those in Hitzenberger et al. (2006), the study showed the same trends: MAC values from 
TOT methods (NIOSH TOT and Sunset SC) was 40% higher than that determined by a 
R&P 5400 (Rupprecht et al., 1995). 
Same EC mass, different absorption: Knox et al. (2009) measured BC MAC by 
comparing PAS and AE with EC measurement by Sunset SC. MAC inferred from AE 
was higher than that from PAS due to the artifacts related to AE absorption measurement 
as discussed in Section 2.3.2 and 6.2, and this is consistent with the observations when 
absorption measurements were compared (Section 6.2). In Sharma et al. (2002), both 
PSAP and AE were used to measure absorption at each site although EC mass 
measurements differed among sites. AE-inferred MAC values were higher than those 
inferred by PSAP. This could be because that (1) the correction factor of AE (2.14) from 
Weingartner et al .(2003) may be smaller for the samples in this study, (2) PSAP applied 
a correction for the loading effect by the manufacture while there is no correction for the 
loading effect on AE. Samples with much greater MAC values and variations were from 
a remote site with very low EC concentration, only 1-10% of that in other sites, measured 
by different methods though. Therefore, the MAC value of the background site is 
possibly uncertain because of the low concentration and might be discounted. When 
absorption from both PSAP and AE was not corrected for filter and loading effect, 
Snyder and Schauer (2007) found that PSAP and AE provide similar MAC around 
18m2/g. PSAP and AE were using different types of filters, and this different was 
corrected. We are not able to obtain MAC from corrected absorption due to the 
unavailability of the PSAP filter transmittance data which is necessary for the correction. 
Therefore, the absolute values of MAC in this research are not applicable.  
Effect of corrections: Only one measurement was employed for mass (IMPROVE TOR) 
and absorption (Laser Integrating Plate Method, LIPM) respectively in Huffman (1996) 
and Horvath (1997a). These studies explored the effect of corrections to either the 
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thermal-optical measurement of EC on mass or the filter effect of absorption in the LIPM 
measurement. MAC inferred from TOR EC and uncorrected LIPM absorption was 21 
m2/g. Huffman (1996) identified a new charring correction by including OC at the final 
helium step and 80% of the PC as EC, and found that MAC reduced to 11.6 m2/g. 
Horvath (1997a) applied a correction for absorption measured by LIPM by using the 
original TOR charring correction and got MAC as 9.6 m2/g. It is likely that both mass and 
absorption measurements were biased for the original MAC and thus both corrections are 
required to obtain the real MAC.  
Summary: For the same absorption measurement, MAC inferred from thermal-
transmittance measurements is higher than that inferred from the measurements in which 
OC is removed prior to EC mass analysis. For the same EC mass measurement, MAC 
inferred from AE is generally higher than that inferred from PAS and PSAP.  
6.5 OC removed in sampling 
Organic aerosol (OA) has been shown to interfere with measurement of both EC mass 
and absorption (Section 2.3 and references therein). Therefore, a better understanding of 
BC MAC may result from first removing OA from the sample. Knox et al. (2009) and 
Kondo et al. (2009) employed a thermal denuder at 340°C or a heated inlet at 400°C 
respectively to remove OC prior to analysis, and compared MAC between unheated and 
heated samples.  
MAC for samples with and without OA removal is shown in Figure 6.5. Black solid lines 
connect the samples that should be directly comparable. Different absorption 
measurements were used (AE and PAS for Knox et al. (2009) and PSAP for Kondo et al. 
(2009)). The Sunset-SC analyzer was employed for most of the experiments, except that 
one pair of samples were analyzed by NIOSH TOT in Kondo et al. (2009), which is not 
specified in Figure 6.5 because of the small difference between Sunset-SC and NIOSH 
TOT (Snyder and Schauer, 2007; Bae et al., 2004).  
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Figure 6.5 Effect of organic aerosol removal on BC MAC. 
In Knox et al. (2009), the comparison of MAC before OA removal from AE and PAS 
indicates that the artifacts caused by OA on the filter from filter-based absorption 
measurement resulted in an enhancement of absorption by 7-14%. For fresh aerosols AE 
and PAS showed similar results after OA removal. It is likely that most of the OA was 
removed and therefore the artifacts caused by OA on the filter were not observed. The 
change of PAS MAC before and after OA removal inferred that OA coating caused an 
enhancement of 1.2 on absorption. For semi-aged aerosols, the enhanced absorption due 
to OA coating is 1.4. Difference between AE and PAS was still observed for samples 
after OA removal, and it is possible that OA was not completely removed. For the aged 
aerosols, MAC shows little changes when OA was removed for both AE and PAS 
measurement possibly because that the aged particles did not completely lose the coating 
to produce a detectable change in MAC. Kondo et al. (2009) applied heating procedure 
for samples from different locations (urban, rural, suburban and remote) and the 
reduction of MAC was observed for all of the samples. These studies show that when OA 
6 8 10 12 14 16 18 20
Knox2009: aged - original
Knox2009: aged - OA removed
Knox2009: semi-aged - original
Knox2009: semi-aged - OA removed
Knox2009: fresh - original
Knox2009: fresh - OA removed
Knox2009: original
Knox2009: OA removed
BC mass absorption cross-section (MAC, m2/g)
PSAPPASAE
Absorption  measurement
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is removed, AE, PSAP and PAS give similar MAC around 10-12m2/g (both are for 
ambient aerosols). 
6.6 Summary 
This chapter discusses measurements methods that are required to determine BC mass 
absorption cross-section: EC mass and absorption measurements. In light of the artifacts 
in those methods, a literature review of measured ambient BC MAC is given. The main 
findings are: 
(1) Apparent ambient BC MAC varies dramatically among samples. Most of measured 
MAC of ambient BC lies in the range of 3-20m2/g. Over all measurements it has a 
value of 10.3±4.2 m2/g.  
(2) Among commonly used absorption techniques, filter-based methods (AE and PSAP) 
provide more variant and higher MAC than in-situ absorption measurement (PAS) 
and MAAP; the latter two remove some of the artifact absorption due to scattering. 
For EC mass measurement techniques, the Sunset semi-continuous analyzer yields 
higher BC MAC than other methods.  
(3) Intercomparison studies show consistent trends of difference between measurements. 
Thermal transmittance method infers higher MAC than do those methods which 
remove OC before EC mass analysis. MAC inferred from AE is higher than that 
inferred from PAS and PSAP. 
(4) BC MAC reduces by 13-40 percent when OC is removed by a thermal denuder. MAC 
shows smaller variance when organic aerosols were removed before both EC mass 
and absorption measurement. It is recommended that future studies apply OA 
removal techniques to obtain EC MAC for ambient samples to reduce the uncertainty. 
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7 Development of emission profile of biofuel combustion 
Real-time measurement can be employed to investigate the variation of emissions from 
biofuel combustion at a finer time scale, providing more information than test averages. 
In this chapter, I propose a method to characterize emission profile from combustion by 
statistically analyzing real-time data. The method shows how the emission properties 
distribute during the combustion, how they can be grouped to represent the nature of the 
combustion, and how to condense observed variability to quantitative parameters.  The 
method is illustrated using cookstove emission data from a previous student Dr. 
Christoph Roden as a case. However, the method is applicable for other types of 
combustion as well. The method is then applied to compare emissions from different 
types of cookstoves, as well as stoves measured in the field when they were in real use 
vs. in the standard laboratory tests. 
7.1 Method development  
Figure 7.1 shows how the emission profile is developed based on real-time 
measurements. It is generally based on the statistical analysis of the processed real-time 
data which represent various emission properties.  
 
Figure 7.1 Flowchart on the development of emission profile. 
Data interpretation
Compare emission profile for different types of combustion
Statistical analysis
Cluster analysis to identify groups Frequency plot to identify contribution to total emission
Data processing
Screen and process real-time data Calculate relevant emission properties
Measurement
Take real-time measurement of combustion emissions
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7.1.1 Measurement overview 
Our procedure for measuring emissions from biofuel combustion have been reported 
previously (Roden et al., 2006). Briefly, emissions were measured with a self-designed 
real-time sampling system - the ARACHNE (Ambulatory Real-time Analyzer for 
Climate and Health-related Noxious Emissions). Real-time scattering and absorption 
coefficients of particles were measured with a single wavelength nephelometer (Radiance 
Research, M-903, 530nm) and a 3-wavelength Particle Soot Absorption Photometer 
(PSAP, Radiance Research, 467nm, 530nm, 660nm) respectively. Real-time gaseous 
concentration of CO (City Technology, 3ME/F) and CO2 (Telaire, 6004-S5000) were 
also measured. Measurements were recorded every second and then then averaged over 
two minutes for presentation.  
In-field tests aimed to provide emissions from a range of real use conditions and took 
place in and around Suyapa, Honduras during the summers of 2004, 2005 and 2006. Both 
traditional and improved cookstoves were tested during real cooking. Traditional mud or 
clay cookstoves (TRAD) are variable in size and shape with no standard size for either 
stove or fuel opening. Compared with traditional open fire, improved stoves are generally 
designed based on two principles (1) improve the combustion – emit fewer harmful 
pollutants and (2) improve fuel efficiency – get more heat into the cooking pot. 
Combustion is improved by adding an insulated combustion chamber around the fire, 
made of lightweight, heat-resistant materials. Insulation helps the fire burn hotter, and 
therefore combust more gases and produces less smoke. Fuel efficiency is improved by 
maximizing the convective heat transfer to the pot by making the flue gas as hot as 
possible, the surface area of heat exchanger as large as possible and the velocity of hot 
flue gas as high as possible. Improved stoves can be designed either with a chimney 
(ICCh) or without (ICN). Chimney helps to increase the draft through the burning fuel 
and keep high temperatures in the stove. Chimney also takes the smoke outside the room 
and reduces the indoor air pollution.  
A separate round of laboratory tests aimed to test the performance of cookstoves and took 
place during three separate workshops at Aprovecho Research Center in 2005, 2006 and 
2007. Real stoves were tested in the laboratory tests, not the pyrolysis reactors. Only ICN 
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cookstoves were tested in the laboratory by performing the water-boiling test (WBT), as 
the emission hood there was not designed for chimney stoves. Detailed characterization 
of ARACHNE and description of in-field and laboratory tests can be referred to Roden et 
al. (2006) and Roden et al. (2009).   
Table 7.1 Description of real-time tests. 
Test type In-use test Laboratory test 
Description Tests of in-use cookstove emissions 
Tests of real stoves but in 
laboratory settings 
Time  
Three field tests in the summer of 
2004, 2005 and 2006 
Two separate workshops in 
2006 and 2007 
Location  Honduras Aprovecho Research 
Examine 
Purpose 
Provide emissions from a real range of 
use conditions 
Test stoves and we want to 
know whether the conditions 
observed are representative 
Stove type Traditional  
Improved 
with 
chimney 
Improve 
without 
chimney 
Improved without chimney 
Denotation TRAD ICCh ICh LAB 
# of cycles 10 25 15 8 
# of events 1079 1461 691 203 
7.1.2 Data reduction and processing 
We use three terms to describe averages over successively longer periods. An “event” is a 
two-minute average that represents emission characteristics for a small subset of the 
combustion. A “cycle” indicates an entire cooking cycle, from beginning to end, 
conducted on a single stove. Each cycle may contain a few occasions of fuel addition and 
dozens of events. Because our in-field cycles are determined by real cooking, their 
duration is variable and covers 1-3 hours. Finally, a “population” is a group of stoves, 
either all stoves tested or stoves of a particular type. The number of tests and combustion 
events from all tests is listed in Table 7.1. 
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Three categories of emission properties were derived from particle optical properties and 
gaseous carbon concentrations measured by ARACHNE. These also give information 
about combustion events. Emission properties include (1) indicators of combustion 
conditions, (2) optical characteristics and (3) emission quantities. Both measured and 
derived variables are summarized in Table 7.2. Those emission properties are 
independent on each other. However, as described below, specific values are generally 
associated with combustion conditions and optical characteristics for certain particle type: 
BC-like or OC-like. Emission quantities are affected by combustion conditions as well, 
although the absolute values may be difficult to predict. 
Before calculating emission properties, raw measured data were corrected for instrument 
artifacts. The correction of the nephelometer was based on Anderson and Ogren (1998). 
The correction of PSAP was based on Bond et al. (1999). Scattering coefficient, CO and 
CO2 concentration were all converted to standard conditions (1atm and 20°C). 
Background scattering, absorption, and CO and CO2 concentrations were subtracted from 
the raw data. 
Table 7.2 List of emission variables. 
Variables Denotation and unit 
Measurement or 
calculation 
Measured variables 
Scattering coefficient bsp  (Mm
-1, 530nm) Nephelometer  
Absorption coefficient 
bap_B (Mm
-1, 467nm)  
bap_G (Mm
-1, 530nm)  
bap_R (Mm
-1, 660nm) 
3-wavelength PSAP  
Gaseous carbon concentration CO (ppm), CO2 (ppm) Gas sensors 
(1) Indicator of combustion conditions 
Modified combustion efficiency MCE 
   
    +   
 
(2) Optical characteristics 
Single scattering albedo SSA 
   
    +    _ 
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Table 7.2 (cont.) 
Variables Denotation and unit 
Measurement or 
calculation 
Absorption Ångström exponent AAE 
−ln	(   _     _ )⁄
ln	(530 467)⁄
 
(3) Emission quantities 
Instantaneous scattering emission 
factor 
IEFscat (m
2/kg wood) 
   
    	     
 
Averaged scattering emission factor EFscat (m
2/kg wood)  
Combustion efficiency estimates how much fuel carbon is converted to CO2. Modified 
combustion efficiency (MCE) is defined as the molar ratio of emitted CO2 to the sum of 
CO and CO2 (Hao and Ward, 1993; Yokelson et al., 1996) assuming emitted CO2 and CO 
as a proxy for the fuel combusted. Previous literature on wood combustion showed that 
gaseous carbon (CO+CO2) emission occupied around 99% of the total carbon emission 
(McMeeking et al., 2009; Oanh et al., 2005; Bhattacharya et al., 2002). Literature MCE 
is used to classify combustion into flaming or smoldering (Reid et al., 2005b). A third 
phase required to describe combustion in biofuel stoves is devolatilization, during which 
the wood releases organic material and gases from pyrolysis, but is not hot enough to 
sustain a reaction. It is important to note that combustion efficiency is different from the 
fuel efficiency. Fuel efficiency is dominated by how the heat released from burning wood 
is transferred into useful energy for cooking (heat transfer efficiency). Combustion 
efficiency indicates the completeness of the combustion.  Fuel efficiency is the product of 
the heat transfer efficiency and combustion efficiency and is often expressed as wood 
needed per cooking event or per liter of water boiled. 
Different combustion conditions produce carbonaceous aerosols with distinct optical 
characteristics (SSA and AAE). SSA represents the fraction of scattering of total 
extinction (~0.25=blackest aerosol; 1.0=purely scattering) and AAE represents the 
spectral dependence of absorption. BC is produced in flaming conditions, with SSA of 
0.20-0.25 and AAE around 1 (Bond and Bergstrom, 2006). OC is the liquid product of 
pyrolysis that has not passed through a flame, with higher SSA. For light-absorbing OC 
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which appears brown to yellow, AAE is significantly greater than 1, around 6-7 in the 
extracts (Kirchstetter et al., 2004; Hoffer et al., 2006; Chen and Bond, 2010). MCE also 
affects emission quantities from biofuel combustion. In open biomass burning, particle 
emission factors increase as combustion efficiency decreases (increasing relative amounts 
of smoldering combustion) (Reid et al., 2005b). However, analogous investigations have 
not been published for biofuel combustion.  
Particulate emission quantities are represented by scattering, which can be used to 
estimate mass emission by assuming values of mass scattering cross-section (MSC). Such 
mass emission is similar to the quantities needs for emission inventories. This estimation 
is subject to large uncertainty because values of MSC vary with particle size and type. 
However, scattering can still demonstrate when mass emission rates are large, even if the 
inferred mass emissions are not exact. Here, we present emission quantities directly with 
particle scattering without any further conversion to the mass emission. Particulate 
emission on a near-real-time basis is captured using the notion of instantaneous scattering 
emission factors (IEFscat) for each event. IEFscat represents the total cross-section (m
2) of 
light scattering attributable to the particulate emissions from one kilogram of fuel and has 
the unit of m2/kg fuel. Its calculation follows the carbon-balance method (Smith et al., 
1993). The detailed calculation of IEFscat is presented below. Briefly, a scattering 
coefficient (m-1 or m2/m3) is divided by the gaseous carbon concentration in the same 
volume.  
For a single event combustion event, IEFscat is calculated by dividing averaged scattering 
coefficient by the amount of fuel burnt during the two-minute period. For the ease of later 
calculation, we assume a dilution ratio of δ to account for the difference between the 
original volume of air emitted from the wood combustion and the volume of air measured 
at the sampling probe.   
  = 	
      	  	   	        
      	  	   	       	          
 
The amount of fuel burnt has the units of (kg fuel / m3 air exiting combustion), and it is 
determined using the “carbon balance” method (Smith et al., 1993), as mentioned early in 
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this section, assuming emitted CO2 and CO as a proxy for the fuel combusted. Generally, 
carbon content of wood Cwood is generally 0.5 (Birdsey, 1996). Under standard 
conditions, the mass of carbon in 1m3 gaseous carbon Cgas is 0.499kg. The amount of 
wood burnt can be calculated by Eq. 7-1. We use gascarb = CO+CO2. 
    	     	(    3	   	       	          )⁄  
=         
  	
  	   	       	          
  ∙      
  	 
  	       
        
  	 
  	    
    
=         
  	
  	   	       	          
  ∙  0.499
  	 
  	       
  ∙  
1
0.5
  	    
  	 
  
=         
  	
  	   	        
  ∙  0.499
  	 
  	       
  ∙  
1
0.5
  	    
  	 
  ∙   
  	   	        
  	   	       	          
 		 
=         ,   
10    	
  	   	        
  ∙  0.499
  	 
  	  2
  ∙  
1
0.5
  	    
  	 
  ∙   
  	   	        
  	   	       	          
 		 
=         ,    ∙ 10
   ∙      	       	   ⁄ 	       	          			  
Eq. 7-1 
IEFscat is then calculated by Eq. 7-2. Scat is the measured optical coefficient with the unit 
of Mm-1 which can be actually written as 10-6 m2/m3 air measured, representing the 
optical cross-section of particles in a unity volume of air measured. Since samples for 
CO/CO2 measurement and optical measurement were taken from the same position, the 
effect of dilution δ will be cancelled out.  
        = 	
   
    
	
     ⁄ 	   	       	          
     	   	       	          ⁄
∙
 	  	   	       	          
 	  	   	       	          
 
=	
   
    
	
  
  	   	        
∙   
  	   	        
  	   	       	          
 
     	   	       	          ⁄
∙
 	  	   	       	          
 	  	   	       	          
 
=
   ,    ∙  
       ,    ∙ 10
   ∙  
	
10  	     ⁄ 	   	       	          
     	   	       	          ⁄
∙
 	  	   	       	          
 	  	   	       	          
 
= [
   ,    
       ,   
	] 2   	    ⁄  
Eq. 7-2 
With judicious weighting, IEFscat can be interpreted to infer total emission factors from a 
single test cycle. A test cycle usually contains several combustion events. The averaged 
optical emission factor of each cycle (EFscat) can also be calculated using Eq. 8-2, with 
the average of measured real-time optical coefficients and gaseous carbon concentration 
over the whole test. It can also be derived from the real-time IEFscat of each combustion 
event, weighted by the amount of fuel burnt in each event. For a cycle A including n 
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combustion events, EFscat of this cycle can be calculated as shown in Eq. 7-3. Each 
combustion event is denoted as subscript i. For event i, i is the dilution ratio and Qi is the 
volume of air exiting combustion during that event. Our weighting, based on carbon 
concentration, assumes i and Qi  remains constant in the cycle. 
      ,    	  = 	
∑          
∑           
	 
=
    
+     
+     
+ ⋯+     
∑       
 
=
       ,  ∙       +        ,  ∙       +        ,  ∙       + ⋯+        ,  ∙      
∑       
 
=        ,  ∙
     
∑       
		+        ,  ∙
     
∑       
	+        ,  ∙
     
∑       
+⋯+        ,  ∙
     
∑       
 
Eq. 7-3 
The averaged emission factor (EFscat) for all cycles in a population P (e.g., from same 
stove type) is the mean of the emission factor for all the tests in the set weighted equally. 
      ,          	  	= 	
∑       	 	 
 
= 	
        +         + ⋯+        
 
	 Eq. 7-4 
7.1.3 Statistical analyses 
Two statistical tools, cluster analysis and frequency distribution, were utilized to analyze 
emission properties of the combustion events and develop emission fingerprints.  
We used cluster analysis to categorize information about combustion events. K-mean 
clustering sorts through the properties of all combustion events, grouping events with 
similar properties into clusters. The method treats each observation in the dataset as an 
object having a location in space and finds a partitioning in which objects within each 
cluster are as close to each other as possible, and as far from objects in other clusters as 
possible. The default squared Euclidean distance was applied in this study. The clustering 
variables are SSA, AAE, MCE and IEFscat because they are independent with each other.  
Clustering results were validated mathematically in two ways. (1) Silhouette validation 
method (Rousseeuw, 1987) measures how close each point in one cluster is to points in 
the neighboring clusters. Silhouette values range from +1 (indicating points are very 
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distant from neighboring clusters) through 0 (indicating points are not distinctly in one 
cluster or another) to -1 (indicating points are probably assigned to the wrong cluster). (2) 
Multiple comparison in ANOVA investigates whether SSA, AAE and MCE is one cluster 
were significantly different from those in other clusters. Clusters should also be 
physically reasonable, i.e., representing certain types of particles. 
While clustering identifies properties that occur together, a collection of graphs that we 
term a “fingerprint” can provide a better visual representation of how emission properties 
are distributed among events. Our fingerprint plot consists of a joint frequency plot and 
two marginal frequency plots as shown in Figure 7.3. In a joint frequency plot (bottom 
left), combustion events are classified into different bins with respect to any two variables 
(e.g., SSA and AAE). “Frequency” indicates the contribution to total emission 
(represented by scattering) by the events in each bin, and the magnitude of the 
contribution (i.e., percentage) is specified by a color bar. Two marginal frequency plots 
(top left and bottom right) are the integrals of the joint frequency plot with respect to a 
single variable. These plots are also scaled by the total emission rate from each test 
(secondary axes) to yield quantitative emission rates for each particle type. Again, events 
within each cycle are weighted by fuel burnt, and cycles are weighted equally within a 
population. The fingerprint plot were first presented by Roden et al. (Roden et al., 2006); 
here it is presented with more quantification and the use of both joint and marginal 
frequency plots is demonstrated. 
To summarize, cluster analysis is useful to identify major groupings that cannot be seen 
with the eye, and to identify multiple variables that occur together. Frequency plots are 
useful to demonstrate correlations and for quantification. The use of these two methods 
will be further illustrated in the Results and Discussion part.  
7.2 Emission profile of in-field test data 
7.2.1 Overview 
Cluster analysis identified three major groups among in-field combustion events. Major 
emission properties are illustrated in Figure 7.2, and more numeric information on 
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clusters can be found in Table 7.3. Particles in Cluster 1 have a mean SSA of 0.28 and 
AAE of 1.38, similar to properties of strongly-absorbing BC. These particles are emitted 
at high combustion efficiency, which averages 0.95. Particles in Cluster 3 have a mean 
SSA of 0.78 and AAE of 3.47, so these particles are moderately absorbing and the 
absorption has a strong wavelength dependence, similar to properties of OC. These 
emissions occur at lower combustion efficiency (average of 0.84). The emission 
properties of Cluster 2 lie between the first two clusters. These data cannot indicate 
whether this cluster contains homogeneous particles with intermediate properties or a 
heterogeneous combination of Cluster 1 and Cluster 2 particles. Since SSA is a 
distinctive property separating the clusters, we will refer to the clusters as “low-SSA” 
(BC-like, Cluster 1), “high-SSA” (OC-like, Cluster 3), or intermediate (Cluster 2). 
Emission magnitudes, reflected in IEFscat, range from 0 to 100m
2/kg wood. Unlike the 
optical properties and combustion efficiency, the difference in IEFscat among the three 
clusters is not as striking. The average of IEFscat is highest for high-SSA cluster, followed 
by mid-SSA and low-SSA (p = 0.05). However, high emission events occur in all three 
clusters. For average in-field combustion, 44% of combustion events produce particles in 
the low-SSA cluster, 24% have properties in the high-SSA cluster and 32% have 
intermediate properties. The clustering results were validated mathematically. 96% of the 
data points had Silhouette values greater than zero and the mean Silhouette value was 
0.51. Multiple comparisons showed that SSA, AAE and MCE were all significantly 
different among clusters.  
Table 7.3 Summary of results from cluster analysis of in-field data. 
Cluster Number  SSA AAE MCE IEFscat 
1 
(Low SSA) 
1436 
(44%) 
Max 0.46 6.7 1.00 161.8 
Mean 0.28 1.4 0.95 14.3 
Min 0.00 0.0 0.46 0.0 
2 
(Mid SSA) 
1019 
(32%) 
Max 0.79 6.2 1.00 237.3 
Mean 0.52 2.2 0.91 13.8 
Min 0.27 0.1 0.66 0.1 
3 
(High SSA) 
776 
(24%) 
Max 0.99 11.3 0.99 484.5 
Mean 0.78 3.5 0.84 37.7 
Min 0.35 0.8 0.59 0.3 
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Figure 7.2 Box plot illustrating properties of three clusters for all in-field test data. 
The “fingerprint” plot of in-field data is provided in Figure 7.3 for two variables, SSA 
and AAE. The joint frequency plot (bottom left) shows how commonly these two 
properties appear together in combustion events and how the events contribute to total 
emission. This plot is not easy to interpret quantitatively, but it is the most visually 
striking. The top right figure has the same axes as the joint frequency plot, and indicates 
the cluster to which each event belongs (see Figure 7.2). Substantial contribution to total 
emission comes from cluster 1 in a very condensed region with SSA from 0.2-0.4 and 
AAE around 1. Contributions from mid-SSA and high-SSA clusters are significant, but 
not as concentrated around single properties as those in the low-SSA cluster. Marginal 
frequency plots allow quantitatively interpret the distribution of emission along with one 
variable. The largest peak occurs at SSA around 0.3 in the SSA marginal plot (top left), 
corresponding to cluster 1. Two smaller peaks also appear for cluster 2 and 3 despite the 
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scattered contribution in the joint plot. The contribution to total emission is low-SSA > 
high-SSA > intermediate. There is one major peak in AAE marginal plot at AAE around 
1. This peak includes the contribution from both cluster 1 and 2. A smaller peak is 
observed at AAE around 3 with a tail extended to AAE around 6, and this represents the 
contribution from cluster 3. As shown in the next two sections, marginal plots can also 
help quantitatively compare the variation of emission factor from different types of 
combustion.  
 
Figure 7.3 Fingerprint plot describing frequency distribution of emission with respect to SSA and 
AAE (bottom left: joint frequency plot; top left: marginal frequency plot with respect to SSA; bottom 
right: marginal frequency plot with respect to AAE). In the joint frequency plot, darker color 
indicates higher contribution, and the magnitude of the contribution (%) is shown in the color bar.  
Total emission factor can be obtained as the sum of emission factor values (secondary axes) in the 
marginal plots. Top right: graphic results based on cluster analysis is provided for comparison. 
Fingerprint plots with respect to other variables are shown in Figure 7.4. Low-SSA 
particles contribute most of the emission at very high combustion efficiency, 0.95 or 
greater, consistent with the clustering results. Particle emission is mainly contributed by 
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events with IEFscat less than 100 m
2/kg wood for all clusters. In most of the high-emission 
events particles emitted have SSA greater than 0.7. These events also contribute largely 
to the total particulate emission. 
 
Figure 7.4 Fingerprint plot describing frequency distribution of emission with respect to SSA and 
MCE or IEFscat, including marginal frequency plot with respect to SSA (top left), MCE (middle right) 
and IEFscat (bottom right), joint frequency plot with SSA-CE (middle left) and SSA-IEFext (bottom 
left) . In the joint frequency plot, darker color indicates higher contribution, and the magnitude of 
the contribution (%) is shown in the color bar.  Total emission factor can be obtained as sum of 
emission factor values in the marginal plot. 
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7.2.2 Comparison among different types of cookstoves 
Three types of in-use cookstoves were tested: TRAD, ICN and ICCh, with averaged 
properties as shown in Table 7.4. Particles emitted from TRAD stoves have a high SSA 
and AAE and lower MCE compared with improved stoves. Scattering emission factor is 
the highest for ICN stoves followed by TRAD and ICCh ones, consistent with the 
observation for PM emission factors discussed by Roden et al. (Roden et al., 2009).  
Table 7.4 Averaged emission factors (represented by EFscat, in the unit of m
2/kg wood) and optical 
characteristics for different cookstoves types for in-field tests and laboratory tested cookstoves. 
 TRAD ICN ICCh 
EFscat 21.4 23.6 13.6 
Single scattering albedo 0.52 0.46 0.42 
Absorption Angstrom exponent 1.80 1.79 1.42 
Modified combustion efficiency 0.89 0.92 0.93 
We now use both cluster analysis and the fingerprint plot to examine the variation in 
emission properties among stove types. Table 7.5 shows the frequency of combustion 
events occurring in different clusters. Particles emitted from TRAD stoves had a large 
fraction of high-SSA particles (41%). For improved cookstoves, the frequency of high-
SSA combustion events was reduced to 13% and 16% respectively. Reduction in high-
SSA events, which are associated with low combustion efficiency, is consistent with the 
fact that improved cookstoves are designed mainly to increase combustion efficiency. 
The relative frequency of high-SSA events also explains the higher average SSA and 
AAE for traditional cookstoves compared with improved stoves.  
Table 7.5 Contribution of each cluster for different types of cookstoves. 
 Cluster 1 Cluster 2 Cluster 3 Sum 
 Low SSA Mid SSA High SSA  
TRAD 314 29% 318 30% 447 41% 1079 
ICN 399 58% 204 29% 88 13% 691 
ICCh 723 50% 497 34% 241 16% 1461 
Sum 1436 1019 776  
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In Figure 7.5, joint frequency plots describe combustion patterns of different cookstove 
types with respect to SSA and MCE. For TRAD stoves, particles are distributed relatively 
evenly between SSA of 0.2 and 1.0 and MCE ranges from 1 to 0.6. Both low- and high-
SSA particles contribute significantly to total emission. For ICN stoves, contribution 
from the low-SSA events is enhanced and the contribution from events with low MCE is 
reduced. Compared with TRAD and ICN, emission from ICCh stoves is mainly 
contributed by BC-like particles with low SSA and high MCE. High-SSA (OC-like) 
particle emission is largely reduced in ICCh stoves, due to the elimination of events with 
low combustion efficiency.  
 
Figure 7.5 Joint frequency plots of three cookstove types from in-field tests with respect to SSA and 
MCE (top), SSA and IEFscat (bottom). Cookstove type in the field: traditional (TRAD), isolated 
chamber without chimney (ICN), isolated chamber with chimney (ICCh). Colorbar indicates 
contribution of events to total emission for each test type. 
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Marginal frequency plots in Figure 7.6 confirm the variation and provide more 
quantitative explanation for different emission factors (Table 7.4). The peak of emission 
factor moves towards lower SSA and higher MCE when stoves are improved from 
TRAD to ICN and ICCh and the magnitude of emission factor is also reduced. There are 
some high-emission events with IEFscat greater than 100m
2/kg wood in all three types of 
stoves, generally associated with high SSA (Figure SI-2).. These events make a large 
contribution to the total emission for ICN stoves (green peak at 150m2/kg wood in Figure 
7.6c), which yields an even higher emission factor than TRAD stoves. 
 
Figure 7.6 Frequency plots of three stove types with respect to (a) SSA (b) MCE and (c) IEFscat. 
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The generation of cookstoves tested here focused only on improving efficiency by 
insulating combustion chambers and adding a chimney. ICN stoves may begin to reduce 
PM emissions by eliminating some of the highest emissions at low MCE, but the 
difference is not large. ICCh stoves reduce PM emissions per fuel by eliminating high-
SSA events with low combustion efficiency. Therefore, the black particles as a fraction 
of emission may increase. ICN stoves, however, may reduce total emissions if fuel use is 
reduced due to improved heat transfer efficiency, and this aspect of stove improvement 
was not explored here.  
7.3 Comparison between in-field and laboratory tests 
Only ICN stoves were tested in the laboratory, so comparisons in this section will be 
made with ICN stove tests. This investigation is motivated by our observation that 
particle mass emission factors from laboratory tests are lower than those measured during 
in-field combustion (Roden et al., 2009). This difference in our data is also reflected in 
EFscat, which is a factor of three lower for laboratory tests (7.6 m
2/kg fuel) compared with 
in-field tests (23.6 m2/kg fuel). In this section, we explore this discrepancy using the 
cluster analysis and fingerprint plots.  
Table 7.6 Summary of results from cluster analysis of LAB data. 
Cluster number  SSA AAE CE IEFscat 
1 
(Low SSA) 
168 
(83%) 
Max 0.50 5.0 1.00 23.6 
Mean 0.26 1.3 0.96 4.7 
Min 0.14 0.0 0.89 0.5 
2 
(Mid SSA) 
35 
(17%) 
Max 0.88 2.3 0.98 55.2 
Mean 0.53 1.5 0.91 14.7 
Min 0.29 0.3 0.84 0.7 
Most events (83%) in the laboratory tests fall into the low-SSA cluster, with the other 
17% are in the intermediate cluster. This contrasts with the ICN in-use tests, with only 
about 51% of the combustion events in the low-SSA cluster, while 16% and 33% fall into 
the high-SSA and intermediate clusters respectively. Detailed results of cluster analysis 
are given in Table 7.6 and Table 7.7. Joint frequency plots (LAB in Figure 7.7) also show 
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that most of the emission comes from events with low-SSA. These figures also show a 
much lower IEFscat for laboratory tests compared with in-field tests. Events in laboratory 
tests are more tightly clustered, indicating the combustion was more consistent.  
Table 7.7 Summary of results from cluster analysis of Honduras ICN data. 
Cluster number  SSA AAE CE IEFscat 
1 
(Low SSA) 
348 
(50%) 
Max 0.48 4.9 1.00 129.8 
Mean 0.25 1.5 0.95 13.5 
Min 0.03 0.0 0.79 0.1 
2 
(Mid SSA) 
227 
(33%) 
Max 0.85 4.8 1.00 237.3 
Mean 0.47 1.9 0.91 24.4 
Min 0.07 0.8 0.76 0.1 
3 
(High SSA) 
116 
(17%) 
Max 0.96 5.1 0.98 484.5 
Mean 0.72 3.3 0.86 54.2 
Min 0.28 1.5 0.63 0.6 
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Figure 7.7 Comparison of joint frequency plots of in-field and laboratory tests with respect to SSA 
and MCE (top), SSA and IEFscat (bottom). 
The cumulative emission factor shown in Figure 7.8 (a) further displays the type of 
emissions missing in laboratory tests as particle SSA increases. In the laboratory tests, 
nearly 60% of the total emission is associated with particles with SSA less than 0.3, and 
the emissions per fuel are very similar to emissions for in-use stoves for particles with 
SSA less than 0.3. Particles with SSA less than 0.5 contribute more than 90% of the 
optical emission measured in the laboratory tests, but this part is only 65% of the particle 
emission with SSA < 0.5 and 40% of the total particle emission in the field. Therefore, 
the emission missing from the laboratory tests is mainly caused by particles with SSA 
greater than 0.5 since the high-SSA events (with low combustion efficiency) are 
eliminated in the highly-controlled laboratory tests. Figure 7.8 shows that IEFscat in the 
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LAB tests never exceeds 50m2/kg wood. Thus, laboratory testing always operates in a 
low-emission mode, but these events produce only 30% of the total particulate emission 
observed in the in-field tests.  
 
Figure 7.8 Cumulative scattering emission factors with the increase of (a) SSA and (b) IEFscat. 
Laboratory tests of ICN stoves do not reproduce high-emission events, which are largely 
associated with particles with SSA greater than 0.5. Thus, laboratory tests have a much 
larger fraction of BC-like particles under higher combustion efficiency and cannot 
reproduce the OC-like emission as observed in the in-field tests.  
Laboratory tests of ICN stoves compare poorly with field tests, because they fail to 
reproduce a significant fraction of the events that have low combustion efficiency, spikes 
in PM emission, and high-SSA particles. Although the laboratory performed WBT 
provides a preliminary understanding of the stove performance, the operation of 
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foods, and thus causes the variety in emission properties. (1) The WBT is done in 
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start and simmering water (low power) as close as possible to three degrees below the 
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included in the WBT. (2) In the WBT, similar size of wood (sticks 2-5cm in diameter) are 
used to avoid the effect of variation on stove performance, while in the real cooking, the 
choice of wood is random and may vary a lot. (3) WBT is performed by trained 
technicians. The experience of stove operators may also affect the stove performance and 
therefore emission properties. (4) WBT only test stove performance by boiling and 
simmering water in the pot. In the real cooking, there are various types of food cooked 
besides water. Cooking different types of food may require different fire conditions, 
which cannot be simply represented by the “high power” and “low power” tests. 
Moreover, food type varies among different regions, and so does the stove performance 
even the same type of the stoves are used.  
Until the factors leading to these conditions are included in test protocols, laboratory tests 
will not accurately represent in-use emissions. Furthermore, designs that use these tests to 
evaluate performance will not be optimized for real operation. Johnson et al. (Johnson et 
al., 2010) suggested that laboratory test protocols should be based on a distribution of 
observed, real-time MCE. We further propose that protocols should reproduce the factors 
leading to emission of different particle types, which can also be observed in real time.  
7.4 Summary 
This chapter introduces an approach to characterize emissions from biofuel combustion. 
Statistical analysis of combustion events provides emission properties that cannot be 
obtained from test averages. The main findings are: 
(1) The fingerprint approach is capable to explain the difference among different 
combustion activities, e.g., different cookstove types, cookstoves tested in the field 
and the laboratory 
(2) Improved cookstoves reduce emissions by eliminating formation of OC with high 
SSA, which occurs at low combustion efficiency.  
(3) In the laboratory a large part of emission is missing for particles with greater SSA 
which generally produces under low combustion efficiency and we should seek for a 
way to add this part in the future cookstove testing.  
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8 In-use cookstove emissions from field measurements 
As discussed in Chapter 7, emission factors and optical properties of cookstoves tested 
under laboratory controlled conditions are dramatically different from those observed 
from the field in-use test. The main goal of the measurements presented here is to (1) 
investigate the capability of real-time instruments to measure stove emissions in the field, 
(2) test the performance of cookstoves when they are in real use and (3) establish 
collaboration with other research groups on stove testing.  
In-field tests of emissions from in-use cookstoves were performed in the year of 2010 in 
three locations: Uganda, Nepal and India respectively. In all three sites, both traditional 
and improved cookstoves were tested. Different types of improved cookstoves were used 
in these sites. Detailed descriptions of stoves are introduced in the Section 8.4. 
Instruments development and field measurements were carried out by two colleagues 
(Justin Ellis for Uganda testing and Cheryl Weyant for Nepal and India testing) in Dr. 
Bond’s group in the University of Illinois at Urbana-Champaign under the collaboration 
with Berkeley Air Monitoring Group (Berkeley, CA). My research is mainly focusing on 
processing data after measurements and interpreting the results. Data processing 
procedure is presented in this chapter together with some major findings from our 
previous measurements. Instrumental setup is also briefly described. 
8.1 Measurements and instrumental setup  
Figure 8.1 shows the schematic of the self-designed cookstove emission sampling and 
measurement system. Smoke emitted from the cookstoves was collected with stainless 
steel probes and measured by various instruments. The probe sets include a 1.5ft probe, 
several 6 in and 2 in probes with decreasing hole size closer to the center. Eight probes 
were used in every test, but the combination of lengths would be changed based on 
available space, and estimated dilution needs. In Nepal and Uganda the probes were 
attached by wire to the celling and hung over the stove. In India, a tripod was used to 
support the probes. The probes sets were the same for all three locations.  
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The equipment was usually set up on the floor and powered by battery. Measured 
variables include real-time particle optical properties (absorption and scattering 
coefficients, bap and bsp in the unit of Mm
-1), real-time gaseous emission quantities (CO 
and CO2, in the unit of ppm) and test-integrated particle emission quantities (total PM, 
OC and EC, in the unit of g). Real-time data were recorded every second. Particle 
absorption coefficient was measured with Particle Soot Absorption Photometer (PSAP, 
Radiance Research, Shoreline, WA) at three wavelengths (467, 530 and 660nm), which is 
the same instrument used in Honduras cookstove field tests to measure absorption as 
discussed in Section 7.1.1.The other parts of the system were modified from a Portable 
Emission Monitoring System (PEMS) developed by Aprovecho Research Center 
(Aprovecho). CO (SS1128, Senko) and CO2 (Telaire T6613, GE) sensors were utilized to 
measure gaseous carbon concentration based on electrochemical and non-dispersive 
infrared (NDIR) methods respectively. Scattering coefficient was measured by the PM 
sensor at red wavelength (660nm). Two filter holders (URG-2000-30RAF, URG Corp, 
Chapel Hill, NC) were added to collect filter samples for test-integrated mass 
measurements of total PM, OC and EC. Teflon filters (FluoroporeTM Membrane Filters, 
FALP04700, Millipore, Billerica, MA) were installed in one branch, weighed with a 
microbalance (Cahn C-31, Thermo Electron Corp., Beverly, MA) after 24-hour 
conditioning in the control room before and after sampling to determine total PM mass. 
OC and EC were collected on pre-baked quartz filters (TISSUQUARTZ 2500QAT-UP, 
Pall Corp., Port Washington, NY) in another branch (front quartz filter) and analyzed 
with OC/EC analyzer (Sunset Laboratory, Tigard, OR) using NIOSH TOT method as 
described in Sect 4.1.4. Back quartz filter was employed after teflon filters to account for 
organic vapors (Turpin et al., 1994; Kirchstetter et al., 2001) and the amount of OC and 
EC  on the back quartz filter was subtracted from those measured on the front quartz 
filters. Measured PM, OC and EC mass was then used to determined emission factors as 
described in Section 8.2.3. Ambient temperature, pressure and relative humidity were 
recorded for each test, and they were used to correct emission properties to standard 
conditions. 
CO and CO2 sensors were calibrated with standard gases under laboratory conditions. 
CO2 calibration coefficients were corrected for local temperature and pressure at the 
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sampling sites because NDIR method is pressure-dependent. Calibration coefficients for 
CO were not corrected for temperature and pressure. The PM sensor was originally 
designed by Aprovecho to measure particle concentration based on scattering data.  The 
raw scattering signal from PM sensor was calibrated with an integrating nephelometer 
(3563, TSI Inc., Shoreview, MN) to provide particle scattering coefficient at red 
wavelength (660nm). Flow rate in PSAP was calibrated with a standard flow meter 
(Gilian Gilibrator-2, Sensidyne Inc., Clearwater, FL). The signal from sensors especially 
for CO sensor drifts over time, and the calibration of each sensor was performed before 
each field testing. 
Macroscopic variables, such as temperature, oxygen concentration, or equivalence ratio 
with respect to stoichiometry, are often used to describe combustion when fuel and air are 
well mixed. In a diffusion flame, especially one that emanates from a pyrolyzing solid, 
these variables have different values at different locations and times. Roden (2008) did 
not find a predictive relationship between overall temperature or average fuel-air ratio 
and emission rates. Roden et al. (2009) also explored the use of real-time data, including 
Fast Fourier Transforms, to investigate whether events during the combustion process 
could explain later emissions. Again, no definitive relationships were found. Because 
such macroscopic characteristics do not explain emission variations, emission 
fingerprints based on real-time measurements will be used to capture statistical averages 
of emission properties, as discussed in Chapter 7. 
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Figure 8.1 Schematic of the cookstove emission sampling and measurement system. 
8.2 Data processing 
Real-time raw signals from the instrument outputs were processed to obtain the actual 
values of the measured variables (bsp and bap, CO/CO2 concentration). Test-integrated 
properties and emission factors were calculated with the average of the real-time data and 
the results from filter measurements. The processing procedure was mainly developed 
with Matlab (Mathworks Inc.). 
8.2.1 Calibration of CO, CO2 and bsp 
The processing of CO, CO2 and bsp data was mainly applying the calibration coefficients 
to the raw signal from CO, CO2 and PM sensors. The actual value of the measured 
variables and the raw signal follow a linear relationship (Eq. 8-1).  
     	   	  	     =      ∙ (   	       −     ) Eq. 8-1 
Calibration coefficients obtained before each field testing are listed in Table 8.1. The unit 
of CO and CO2 after calibration is ppmv and the unit of bsp is Mm
-1. 
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Table 8.1 Calibration coefficients for CO, CO2 and bsp. 
Calibration coefficients CO CO2 bsp 
Uganda    
zero -63.8 464.2 150 
span 0.0628 0.0857 0.0286 * 103 
Nepal    
span -324.0 397.0 150 
zero 0.0690 0.0863 0.0286 * 103 
India    
span -175.0 560.5 150 
zero 0.0747 0.0839 0.02867 * 103 
8.2.2 PSAP data processing 
bap measured by PSAP needs to be processed in multiple steps to account for sampling 
artifacts and uncertainties as well as the instrumental limitations as described below. We 
start with a brief introduction of the PSAP working principle. Detailed information can be 
referred to Bond et al. (1999).  
PSAP determines the particle absorption in real time by measuring the change in light 
transmittance through a loaded filter over specific time intervals, and comparing that 
against the light transmittance through a reference filter. The absorption coefficient is 
determined in Eq. 8-2. 
   ,            =
 
  ∙ ∆ 
    
   
   
  Eq. 8-2 
S is the area of the filter or the spot. Q is the flow rate through the filter, t is the 
averaging time, and the product of Q and t gives the total volume of air drawn through 
the filter during a given time period. Tr1 and Tr2 are the averaged transmittances during 
the prior time period and the current time period respectively. Transmittance during the 
certain time period is calculated with Eq. 8-3 (Snyder and Schauer (2007) and personal 
communication with Bond). sb0 and sb are the signals of the sensing beam at the 
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beginning and the end of the averaging period respectively, while rb0 and rb are the 
signals from the reference beam.  
   =
      ⁄
      ⁄
 Eq. 8-3 
As discussed in Sect 2.3.2, some of the PSAP artifacts come from the magnification of 
absorption by the filter fiber (filter effect) and the nonlinearities of the response as the 
filter is loaded (loading effect). bap from Eq. 8-2 does not account for these two effects 
and the manufacture provides an empirical calibration (Eq. 8-4) for these effects, which is 
called transfer function. Bond et al. (1999) found that the calibration is transmittance 
dependent and is valid as the transmittance is greater than 0.7. Travg in the equation is the 
average of Tr1 and Tr2. bap, PSAP is the final output reported directly by PSAP.  
   ,     =
   ,           
1.080 ∙       + 0.710
 Eq. 8-4 
The upper limit of the absorption coefficient from PSAP output is 10000Mm-1. 
Absorption measured during high-emission periods in our tests far exceeds this limit, and 
therefore is not correctly reported in PSAP output. Absorption above 10000Mm-1 is 
always reported as 10000Mm-1. bap under this condition needs to be manually calculated 
using Eq. 8-2, Eq. 8-3 and Eq. 8-4. In order to keep consistency of the whole dataset, all 
bap was manually calculated instead of from the direct PSAP output. Comparison in 
Figure 8.2 shows that the difference between calculated bap and PSAP output is in a range 
of less than 20% for most of the 1 second data, and is almost negligible for 2-minute 
average. This is acceptable because the data interpretation is mainly focusing on the 2-
minute average (emission profile study as is shown in Chapter 7) or test averages with 
even longer averaging period. 
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Figure 8.2 Comparison between calculated bap and PSAP output bap for a typical test. 
We performed further corrections of bap due to flow rate, filter size (spot size), particle 
scattering effect and instrument precision using Eq. 8-5 as suggested by Bond et al. 
(1999). 
    =
   ,     ∙       ∙       +    ∙     +        +       
  
 Eq. 8-5 
Flow rate measured by the internal flow meter of the PSAP is sometimes inaccurate and 
we should measure the flow rate directly and derive the flow correction factor fflow. fflow is 
the ratio of air flow rate stated by the PSAP to the actual flow measured with a high-
accuracy flow meter. It is idea to measure the actual PSAP flow before and after each 
test, however, this was difficult to be a routine procedure in the field. In order to obtain 
fflow for all the tests, we performed PSAP flow calibration in the laboratory before and 
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after field campaigns. Figure 8.3 shows the actual measured flow (corrected to standard 
conditions, 1 atm, 20°C) vs. flow stated by PSAP at different test locations as well as in 
the laboratory. Flow was measured with a bubble meter (Gilian Gilibrator-2, Sensidyne 
Inc., Clearwater, FL). Lab data show a linear relationship between the two flow rates and 
most of the field data also lay along the regression line. The point at top left is considered 
as an outlier. For most of the tests, the actual flow is calculated from PSAP stated flow 
with this relationship at each second, and fflow is determined as the ratio of these two. 
There were five points (in the red circle) in Nepal tests which show a different 
relationship from other point measured in the laboratory and field. They were from five 
continuous tests in Nepal and it is possible that the flow calibration follow another 
relationship other than the regression line for some unknown reasons. It has also been 
proved that applying the regression line results in unreasonably high bap for these five 
tests. Therefore, for these five tests, fflow was obtained directly from the actual 
measurements instead of the regression line.  
fspot is the ratio of the actual area of the PSAP filter used during sampling over that of the 
reference PSAP calibrated by the manufacture (0.1783 cm2 as stated in the PSAP 
manual). For our samples, fspot is 1.092. K1 is the correction coefficient for particle 
scattering and it is determined as 0.02 in Bond et al. (1999). However, the correction of 
scattering by OC was not applied here because OC particles from biofuel combustion 
were observed as liquid droplet (Subramanian et al., 2007) when deposited on the filters 
and the correction based on scattering particles may not apply. slope and noise were the 
unit to unit variability and instrument noise of the PSAP respectively, and were 
determined using Eq. 8-6. ∆  is the averaging time in the unit of second, which is 10 for 
Uganda and 4 for Nepal and India. 
      (  
  ) = 0.06 ∙    ,      
      (  
  ) = 0.18 ∙  1440 ∆ ⁄  
Eq. 8-6 
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Figure 8.3 PSAP flow rate calibration. 
There are two circumstances under which bap cannot be calculated from raw signal, but 
needs to be inferred in other ways. (1) PSAP filter needs to be replaced frequently to 
ensure the transmittance is not very low because transmittance decreases as filter loading 
increases during the tests. While the PSAP filter was replaced, PSAP is not able to 
provide correct bap values because the beam signal jumps as loaded filter is replaced with 
new blank filter. In this situation, bap during filter replacement was represented by the 
averaged bap of the last 10 seconds before filter replacement and first 10 seconds after 
replacement. (2) bap calculation may not be valid at very low transmittance because of the 
nonlinearity of the response (loading effect). However, it was too frequent to replace the 
PSAP filter every time when transmittance dropped under 0.7 due to the high 
concentration of the smoke. During some of the tests, transmittance was even low to 
below 0.1 either because the concentration was so high that transmittance decreases very 
rapidly or filter replacement was not paid fully attention during Uganda tests. To process 
the bap data with low transmittance, we set a critical transmittance as 0.13 (representing a 
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decrease of light intensity by e-2). When associated transmittance is above 0.13, the 
calculated bap is considered as valid. Otherwise, bap has to be inferred with SSA and bsp 
(measured by PM sensor) or AAE and valid bap. SSA and AAE were the average of those 
from the closest 15 continuous points. SSA and AAE were calculated after background 
bap and bsp were subtracted. Based on the real-time measurements, we calculated time 
resolved MCE, SSA, AAE and IEFscat using equations in Table 7.2. 
8.2.3 Calculation of test-integrated emission factors and properties 
Before calculating emission properties, scattering coefficient, CO and CO2 concentration 
were all converted to standard conditions (1atm and 20°C). Background scattering, 
absorption, and CO and CO2 concentrations were subtracted from the raw data. 
Test-integrated particle emission factors (EFPM, EFOC or EFEC) are in the unit of g PM 
(OC or EC)/kg fuel burnt and was determined as  
    ,  	  	   = 	
    	             	  	  ,  	  	  	( /  )
    	     	(  	    /  )
 Eq. 8-7 
The amount of fuel burnt were determined with carbon balance method as discussed in 
Sect 7.1.2, with total gaseous carbon (CO + CO2) used as a proxy for total fuel burnt (Eq. 
7-1). Most of the stoves burn wood and the carbon content for dry wood Cwood is 0.5. For 
traditional cookstoves in India, people burnt dung together with wood, and the total fuel 
contains 47% as wood and 53% as dung in average. On a dry basis, the carbon content of 
dung is 0.34. The averaged carbon content for a mixture with wood and dung is 
calculated as 0.41, and this value was used to replace Cwood for traditional cookstoves in 
India.  
    	     	(     	   	       	          )⁄  
=         
  	
  	   	       	          
  ∙      
  	 
  	       
        
  	 
  	    
    
=         
  	
  	   	        
   0.499
  	 
  	       
   
1
     
  	    
  	 
    
  	   	        
  	   	       	          
  
 
Eq. 7-1 
Two filter branches were used to determine mass concentration of PM, particulate OC 
and EC. One branch was equipped with a Teflon filter and a quartz filter behind it 
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(referred as T/Q branch). The Teflon filter was weighed to determine the concentration of 
PM, and the quartz filter was used to account for organic vapor. The other branch was 
equipped with a quartz filter only (referred as Q branch), which is used to determine total 
OC and EC concentration. Particulate OC was obtained by subtracting organic vapor 
from total OC. EC was also obtained by subtracting EC loading from Q branch, however, 
the difference of EC on two quartz filters is usually very small. Both filter branches were 
operated for the same sampling period. Mass concentration of OC and EC was calculated 
as  
    	             	  	  	    
=  
      	  	  , / 	      
     /  ∙         	    
−
      	  	  , 	      
      ∙         	    
    
 3	   	        
 3	   	       	          
  
Eq. 8-8 
Data obtained from real-time measurements, sometimes combined with filter results, can 
be used to calculate test-averaged properties such as s SSA, AAE, MCE, MSC and MAC 
with Eq. 8-9.  
    = 	
   ,   
   ,    +    _ ,   
 
 
 
   _   = 	
−ln	(   _ ,       _ ,   )⁄
ln	(530 467)⁄
 
    = 	
   ,   
   ,    +   	   
 
    =	
   ,   
    	             	  	  
 
      = 	
   _ ,   
    	             	  	  
 Eq. 8-9 
8.3 Pre-validation of the test data 
Besides instrumental uncertainties, test results can be biased with mistakes during 
operation of the instrumental setup and unexpected malfunction of the equipment in the 
field, which is highly possible due to the restriction of site conditions. In order to avoid 
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drawing conclusion while using the data blindly, we performed a pre-validation of the 
test data following the criteria below. The criteria were developed based on general 
knowledge about emission properties from biofuel combustion. They are only rough 
estimations and mainly used to identify problems. When data violate the criteria, rather 
than simply discard the results, it is advisable to investigate possible causes of the 
problems, and seek for solution to correct the bias.  
(1) Negative OC/EC emission factor. OC/EC concentration is determined by subtracting 
loading of VOCs on back quartz filters from front quartz filters (Section 8.1). It is 
possible that the net particulate OC/EC concentration is below detection limit after 
subtraction, and under this situation, OC/EC emission factor is effectively zero. 
Another possibility could be that Teflon filter was misplaced, and PM bypassed 
Teflon filter and deposited on the back quartz filter. Under this situation, back-filter 
OC results should not be used to estimate gaseous absorption, and mass results should 
be discarded. Back-filter OC might be estimated by looking at other filters. 
(2) Closure between OM+EC and total PM. The main components of PM emitted from 
cookstoves are carbonaceous aerosols, of which the mass is the sum of organic matter 
(OM) and EC. Organic matter includes other elements such as oxygen and hydrogen 
besides carbon, and the OM/OC ratio was reported to vary between 1.2 and 3.1 
depending on the source and age of the aerosol (Turpin and Lim, 2001). Here, we use 
a value of 1.9 suggested for fireplace combustion as reported by (Turpin and Lim, 
2001). The ratio of (1.9OC+EC)/PM should be close to 1. We allow a 50% range 
(i.e., 0.5-1.5) to account for other possible OM/OC ratios and measurement 
uncertainties from OC/EC analysis. The violation of the criterion could be due to 
erroneous filter loadings and the mass results should be discarded under this situation. 
It could also because of the contribution of other types of aerosol to the total PM 
especially when sample PM concentration is very low as illustrated later in Section 
8.5.3. 
(3) Mass scattering cross section (MSC) of PM. MSC of OC and EC is reported as 3.7 
and 2.5 m2/g at 550nm respectively (Section 2.1), and is 3.0 and 2.0 m2/g at 630nm 
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(wavelength at which scattering was measured) after accounting for the wavelength 
dependence of scattering (Pereira et al., 2011). PM mass scattering cross-section can 
be calculated with scattering coefficient divided by PM mass concentration. However, 
it is difficult to validate the MSC because it varies with particle sizes and chemical 
compositions. Roden et al. (2006) reported a wide range of MSC from cookstove 
combustion from 1.0 to 4.5m2/g at 550nm. After accounting for wavelength 
dependence (0.8-3.7 m2/g), we extended the range to 0.5-4.0 m2/g to check the 
validity of the data.  
(4) Mass absorption cross-section (MAC) of EC. MAC is reported as 7.5m2/g for pure 
EC and 12.5m2/g when EC is coated with other particles (Bond and Bergstrom, 2006; 
Bond et al., 2006). As discussed in Chapter 6, EC MAC varies dramatically from 
sample to sample. We set a range of 5-25 m2/g. Abnormal values of weirdly high or 
low MSC or MAC should be suspected. Both filter and optical results have to be 
investigated and possibly one of them should be discarded. Absorption measured by 
PSAP should always be examined for the percentage of low transmittance and the 
coefficient for flow rate correction. Biases are introduced because absorption of data 
points with transmittance lower than critical transmittance 0.13 were all based on 
estimation. Even for those with transmittance above 0.13, it is possible that PSAP 
measurement has already been biased due to the filter loading effect as discussed 
before. Low transmittance is mainly a problem with Uganda data. In some of the 
tests, the percentage of bap based on estimation even exceeds 50% of the whole 
dataset. Absorption results from these tests were discarded.  
Again, the criteria are determined based on rough estimation and can only be used to 
bring suspicion and as a guideline for data investigation. Appropriate decision on data 
validation should be made after all the criteria have been checked. If no special events 
(e.g., mistakes during operation, instruments malfunction etc.) are observed from a test, 
the results will still be reported even if they violate the criteria, but the data need to be 
used with caution.   
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8.4 General information on stoves 
Table 8.2 provides a summary of all field tests in Uganda, Nepal and India. Detailed 
information and pictures of different types of stoves are listed in Table 8.3 and described 
below. 
Uganda: The traditional stoves are constructed with three suitable stones of the same 
height on which a cooking pot can be balanced over a fire. It is normally without 
chimney, except for one stove tested. This cooking method has many problems because 
(1) smoke is vented into the room causing health problems and (2) fuel is wasted as heat 
is allowed to escape into the open air. StoveTec stoves are designed to reduce fuel usage 
and cooking time compared with traditional stoves (StoveTec), and the improvement was 
observed during our tests. All tested stoves were located in interior kitchens. Common 
fuel is referred to as “caliptus”, which is a variety of the eucalyptus trees. The wood 
oruyenje is used frequently for living fences and is a very twisted knotty wood. Fuel size 
varies in different households and for different stoves. The fire was started with kindling, 
brush, leaves, waste paper or sorghum if the stove was not maintained in operation at the 
time of cooking. The food cooked included matoke, milk, sauce, porridge and beans.  
Nepal: The traditional and improved stoves measured in Nepal were similar. Both were 
made of clay, were a few inches off the floor and had a main burner and smaller pot 
warmer. Both were constructed in the home and were permanently attached to the floor 
and walls. The organizations managing the ICS (Improved Cookstove) program would 
train local people in ICS construction who would then be responsible for building the 
stoves. This loose oversight resulted in some variation in size and construction quality in 
the ICS. The traditional stoves were homemade – and were also variable in size and 
quality. The major distinction between traditional and ICS is that the improved have a 
chimney. The fuel used was primarily wood and was the same for both stoves. 
Households that got an ICS had replaced their old stoves. So, households had either ICS 
or traditional stoves – but not both. Some households had alternative cook options such 
as charcoal stoves or biogas, and we also tested each of them. The fire was started with 
corn cob, paper, plastic bag, hay and twig and fuel included wood, bamboo, corn cob and 
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plastic bag. Information on wood type and food cooked was not available for Nepal 
stoves.  
India: The term traditional is very broad and included both stoves with and without 
chimneys. They are very similar either the improved or traditional Nepal stoves. One was 
very simple – essentially three bricks forming a U-type stove. They were all used indoors 
and were permanently fixed to the floor and walls. Both wood and dung were used as 
fuels. Wood type is unknown. The improved stove in this study was the Oorja gasifier 
stove designed and manufactured by First Energy Private Limited (Pune, India). It is 
battery powered with a small fan for updraft. Pellets made of compressed sugarcane 
refuse were the only fuel used. The gasifier converts solid fuel to gaseous fuel by a 
thermochemical conversion process, which involves substoichiometric high temperature 
oxidation and reduction reactions between the fuel and an oxidant – air in the present 
case. The gases produced passes through a fix packed bed with temperature of 800-
1100K and are composed of CO, H2, CH4, water vapor, some higher hydrocarbons and 
N2. These gases are burnt to CO2 and H2O with additional air introduced into the stove. 
Since the combustion occurs at very high temperature in gas phase, PM emission is 
generally very low from Oorja. The stove is designed to run for a limited time during 
which the user does not need to add or move the fuel. In practice, many of the users 
would add pellets when it was clear there was not enough time remaining to complete the 
meal. The fire is lit from the top with the aid of kerosene and burns with a blue flame 
without visible smoke. The pellets had a distinct – but not bad smell when burned. There 
were two kinds of Oorja tested -those with a metal and those with a ceramic combustion 
chamber. The ceramic model was replacing the metal because holes would develop in the 
metal combustion chamber after a few years of use. Most of the stoves tested had metal 
chambers. The Oorja stove was used in middle class homes, but the traditional stoves 
were usually in lower income households. Many of the Oorja users also had LPG stoves 
and the Oorja was replacing LPG use because the cost of Oorja fuel pellets was lower. 
These households usually did not have a traditional stove. Four tests were performed 
when stove were operated to boil water, while other tests were performed during real 
cooking. Food cooked was not recorded. 
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Table 8.2 Summary of all field tests in Uganda, Nepal and India. 
Test Stove type 
Ambient 
temp 
(°C) 
Ambient 
pressure 
(mb) 
RH 
(%) 
Length 
(min) 
Chimney Fuel Starter 
Food 
cooked 
Uganda          
HH3_Test2_A StoveTec 24.5 871.50 53.5 79 N caliptus caliptus kindling mixture 
HH3_Test2_B StoveTec 29.6 871.50 38.1 46 N caliptus caliptus kindling sauce 
HH3_Test7_A StoveTec 24.2 873.31 48.6 68 N oruyenje 
kindling and waste 
paper 
matoke 
HH6_Test3_A StoveTec 22.0 868.74 60.0 53 N caliptus caliptus kindling matoke 
HH6_Test8_A StoveTec 23.3 869.16 62.3 29 N caliptus kindling porridge 
HH6_Test8_B StoveTec 23.3 869.16 62.3 57 N caliptus 
kindling and waste 
paper 
matoke 
HH7_Test4_A StoveTec 35.2 868.53 22.3 69 N caliptus waste paper porridge 
HH7_Test4_B StoveTec 35.3 868.53 22.8 63 N caliptus caliptus kindling matoke 
HH13_Test9_A StoveTec 26.4 832.87 35.8 46 N caliptus caliptus kindling milk tea 
HH13_Test9_B StoveTec 26.4 832.87 35.8 40 N caliptus caliptus kindling matoke 
HH9_Test11_A StoveTec 22.3 869.80 60.4 27 Y oruyenje Sorghum, matches milk tea 
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Table 8.2 (cont.) 
Test Stove type 
Ambient 
temp 
(°C) 
Ambient 
pressure 
(mb) 
RH 
(%) 
Length 
(min) 
Chimney Fuel Starter 
Food 
cooked 
HH9_Test11_B StoveTec 22.3 869.80 60.4 71 Y oruyenje Sorghum, matches 
matoke, 
beans 
HH9_Test11_B StoveTec 22.3 869.80 60.4 71 Y oruyenje Sorghum, matches 
matoke, 
beans 
HH7_Test10_A traditional 33.3 869.06 28.9 80 N caliptus 
brush and waste 
paper 
porridge 
HH7_Test10_B traditional 33.5 869.06 28.3 86 N caliptus 
 
matoke 
HH9_Test5_A traditional 24.7 869.38 48.0 92 Y unknown wood brush 
matoke, 
milk 
Nepal:          
2101 improved 27.9 913.2 
 
88 Y 
 
hay, corn cob, twig, 
paper 
tea, corn 
2102 improved 27.9 913.2 
 
59 Y 
 
hay, corn cob, twig, 
paper 
tea, corn 
2107 improved 29.1 913.8 75.4 129 Y bamboo 
  
2109 improved 27.0 916.0 84.6 87 Y wood corn cob 
 
2110 improved 27.0 916.0 84.6 82 Y wood corn cob 
 
2116 improved 27.5 916.2 85.6 103 Y 
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Table 8.2 (cont.) 
Test Stove type 
Ambient 
temp 
(°C) 
Ambient 
pressure 
(mb) 
RH 
(%) 
Length 
(min) 
Chimney Fuel Starter 
Food 
cooked 
2117 improved 27.0 916.2 88.9 118 Y 
wood, corn 
cob, plastic bag 
plastic bag 
 
2117 improved 27.0 916.2 88.9 118 Y 
wood, corn 
cob, plastic bag 
plastic bag 
 
2118 improved 31.7 906.3 77.7 71 Y 
wood, corn 
cob, plastic bag 
plastic bag 
 
2103 traditional 27.9 913.2 
 
71 N wood dry corn husks 
 
2111 traditional 27.5 916.2 85.6 120 N bamboo paper 
 
2113 traditional 26.5 916.2 87.3 126 N wood, corn cob 
  
2114 traditional 26.5 916.2 87.3 60 N wood, corn cob 
  
2119 
biogas 
stove 
26.6 908.5 83.4 102 
 
biogas 
  
2120 
charcoal 
stove 
27.2 905.5 83.8 117 
 
charcoal 
  
India          
3000 Oorja metal 27.0 949.0 74.7 91 N pellets  kerosene 
 
3004 Oorja metal 28.3 949.3 71.3 83 N pellets  kerosene 
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Table 8.2 (cont.) 
Test Stove type 
Ambient 
temp 
(°C) 
Ambient 
pressure 
(mb) 
RH 
(%) 
Length 
(min) 
Chimney Fuel Starter 
Food 
cooked 
3011 Oorja metal 27.5 942.3 77.9 76 N pellets  kerosene 
 
3011 Oorja metal 27.5 942.3 77.9 76 N pellets  kerosene 
 
3012 Oorja metal 28.7 943.4 74.8 41 N pellets  kerosene 
 
3013 Oorja metal 27.1 940.0 78.5 74 N pellets  kerosene 
 
3014 
Oorja 
ceramic 
28.0 947.2 76.5 77 N pellets  kerosene 
Water 
boiling 
3015 Oorja metal 26.2 946.8 88.4 85 N pellets  kerosene 
Water 
boiling 
3016 
Oorja 
ceramic 
28.6 945.0 83.0 70 N pellets  kerosene 
 
3017 
Oorja 
ceramic 
26.3 938.9 87.6 73 N pellets  kerosene 
 
3018 Oorja metal 26.2 942.1 85.2 158 N pellets  kerosene 
 
3002 traditional 26.2 950.1 72.2 122 N 
sugar cane 
root, dung   
3006 traditional 27.0 948.1 77.4 93 N wood, dung 
  
3007 traditional 29.0 947.3 73.6 48 N wood, dung 
 
Water 
boiling 
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Table 8.2 (cont.) 
Test Stove type 
Ambient 
temp 
(°C) 
Ambient 
pressure 
(mb) 
RH 
(%) 
Length 
(min) 
Chimney Fuel Starter 
Food 
cooked 
3008 traditional 27.0 944.2 78.7 116 Y wood, dung,  kerosene 
 
3008 traditional 27.0 944.2 78.7 116 Y wood, dung,  kerosene 
 
3009 traditional 27.0 941.5 84.6 114 Y wood, dung 
  
3010 traditional 29.8 944.1 80.8 66 Y wood, dung,  kerosene 
Water 
boiling 
3001 LPG 30.0 946.9 53.3 57 
 
butane, 
propane or mix   
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Table 8.3 General information of stoves tested in Uganda, Nepal and India. 
Region Uganda Nepal India 
Time July, 2010 August, 2010 September, 2010 
Location Millennium Villages in Ruhiira  Dhulikhel Kolhapure 
 Traditional  Improved  Traditional  Improved  Traditional  Improved  
Number of tests 3 11 4 8 6 10 
Stove type Three-stone StoveTec U-type 
Improved 
Chula 
U-type Oorja 
Designed by  Home-made Aprovecho Home-made Home-made Home-made First Energy 
Combustion 
chamber 
N/A Ceramic  Clay Clay Clay  Ceramic / metal 
With chimney No* No No Yes Yes/No No 
Used indoor Yes Yes Yes Yes Yes Yes 
Fuel Wood Wood Wood Wood Wood and dung 
Pellets made from 
compressed sugar 
cane bagasse 
Picture  
 
     
N/A: not applicable 
*: There was one traditional cookstove equipped with chimney, and it was verified to have some flow 
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8.5 Results and discussion 
We should always keep in mind that cookstove emissions are the results of a system 
including stove configuration, fuel characteristics, user attentiveness and skill, and 
demanded cooking task. Therefore, the results presented here indicate how the Stove-
Fuel-User-Demand system is performing, not any of the factors separately. We will main 
discuss the results from filter analysis, CO/CO2 and scattering measurements. Because of 
the know issues on PSAP in Uganda tests (as discussed in Section 8.3) and the loss of 
PSAP data due to data communication problems in Nepal and India tests, absorption 
related properties (SSA, AAE and MAC) will not be a focus of the current discussion. 
For the absorption related properties, values will be provided for tests with valid 
absorption measurements in Table 8.5, Table 8.6 and Table 8.7, however, difference 
among stove types will not be explored due to the small sample size.  
8.5.1 Emissions from Uganda cookstoves 
Figure 8.4 illustrates the variation of real-time emission properties (20-second average) 
during two tests (one traditional and one StoveTec). Scattering here is used as a proxy of 
PM emissions. Emission properties can vary at very fine time scales (minutes or 
seconds). Real-time data show that many emissions come from “spikes”, especially for 
PM, which can be caused by lighting, adding fuel and people blowing on the fire to keep 
it burning (as marked in figures). CO2 is nearly always the dominant combustion gas. For 
some periods, CO and PM correlate with each other but this is not always the case.  
Table 8.5 summarizes test averaged emission properties including emission factors, 
optical properties and combustion efficiency in Uganda. Emission factors were obtained 
from filter measurements. EFPM for StoveTec ranges from 5.8 to 27.9g PM/kg fuel, with 
average of 14.7 and standard deviation of 7.19 g PM/kg fuel. MCE of StoveTec is 0.93, 
ranging from 0.87 to 0.97. PM emission factor and combustion efficiency are not 
significantly different between StoveTec and traditional stoves (only three tests are 
available). But the averaged EFPM is lower for traditional stoves (10.0 g PM/kg fuel). An 
OM/OC ratio of 1.9 was applied to convert organic carbon mass to organic matter (OM) 
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mass. For most of the tests, OM +EC compares well with total PM. EC/TC ratio ranges 
from 0.04 to 0.78.  
Two tests were usually carried out for the same household (indicated by HH in the test 
number) and cookstove in a single day. PM and CO emission factors show large 
variations on the same stove (Figure 8.5). When operated under higher combustion 
efficiency, stoves tended to emit less PM and CO, and particles emitted were associated 
with higher EC/TC ratio. There were two households (HH7 and HH9) in which both 
traditional and StoveTec stoves were measured. Traditional stove in HH7 had similar 
combustion efficiency as StoveTec, but it emitted almost 50% less PM. In HH9, two tests 
on StoveTec show distinct emission factors. One was operated very clean while the other 
one had a very high emission factor. Emission tested from traditional stove lies between 
these two tests. 
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Figure 8.4 Real-time emission for improved and traditional stoves in Uganda. 
Results from (a) HH13_Test9_A (StoveTec) and (b) HH7_Test10_A (traditional). Spike events 
indicate (1) lighting (2) adding fuel ○3  blowing on fire. There was a period in HH13_Test9_A when 
fire was left unattended and lit again.  
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Figure 8.5 Intercomparison of emission properties in the same household in Uganda. 
8.5.2 Emission from Nepal cookstoves 
Figure 8.6 shows the variation of real-time emission properties during one test in Nepal 
(20-second average). Similar to those for Uganda tests, emission properties vary at very 
fine time scales (minutes or seconds). High PM emissions also come from spikes, which 
can be caused by stove operations including lighting, adding fuel as well as cooking 
procedures, because people sometimes fry vegetables on the pan. For some household, 
cooking procedure added emissions to the tested stoves, however, this part is difficult to 
differentiate. 
Table 8.6 summarizes test averaged emission properties including emission factors, 
optical properties and combustion efficiency in Nepal. EFPM for improved stoves ranges 
from 2.7 to 10.0g PM/kg fuel, with average of 5.9 and standard deviation of 2.7g PM/kg 
fuel. EFPM for traditional stoves is less varied, 4.4±0.8g/kg fuel as reported from four 
tests. MCE of improved stoves is 0.93±0.01, ranging from 0.91 to 0.95 compared with 
0.95±0.03 from traditional stoves. We still apply the OM/OC ratio of 1.9 to convert 
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organic carbon mass to organic matter (OM) mass. For most of the tests, OM +EC 
compares well with total PM. There are two tests, 2113 and 2114, in which the total of 
OC and EC emission exceeds measured PM emission due to the lack of flow rate 
measurement and imperfect flow rate estimation. EC/TC ratio is 0.21±0.12 and 
0.27±0.13, and CO emission factor is 76.2±16.7 and 59.7±39.1g/kg fuel for improved 
and traditional stoves respectively. Measured emission properties are not significantly 
different between improved and traditional stoves.  
One biogas and one charcoal stove were also tested. Biogas stove was much cleaner than 
all other stoves, with EFPM of 0.2g/kg fuel and EFCO of 22.1g/kg fuel. Charcoal stove also 
emitted less PM, 0.8g/kg fuel, but it was operated under very low combustion efficiency 
0.86, and had the highest CO emission as 161.1g/kg fuel. 
 
Figure 8.6 Real-time emission for improved stove in India. 
Results from Test 2118 (improved Chula). Spike events indicate (1) lighting (2) cooking. Adding fuel 
was not recorded in the logbook, but it is possible that some of the PM spikes come from adding fuel. 
Similar to Uganda tests, for some tests we measured twice for different meals on each 
stove in one household. Excluding the invalid tests, three stoves (two improved and one 
traditional) are presented below for intercomparison between two meals. PM emission 
factors vary around 30% between each two tests, and CO emission factors vary 30% for 
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HH2 and HH3, 50% for HH1. Combustion efficiency was similar for HH1 and HH2, but 
very different in HH3. EC content is distinct for two tests in HH1.  
 
Figure 8.7 Intercomparison of emission properties on the same stoves in Nepal. 
HH1 and HH2 had improved stoves, and HH3 used traditional stove. Test numbers are 2109 and 
2110 in HH1, 2117 and 2118 in HH2, 2113 and 2114 in HH3.  
8.5.3 Emission from India cookstoves 
Improved stoves tested in India were gasifiers (Oorja) constructed by the manufacture 
and the traditional stoves were homemade U-type stoves either with or without chimneys. 
Lower PM emission from Oorja can be clearly observed from the real-time data as 
indicated by bsp. Figure 8.8 shows the real-time emission from one Oorja stove and one 
traditional stove. Peak particle emission of Oorja is only 4% of that from traditional 
stoves, and there are also fewer spikes. PM concentration in the exhaust was comparable 
to or even lower than the background concentration (not shown in the figure).  
Table 8.7 summarizes test averaged emission factors, optical properties and combustion 
efficiency for each test as well as the average and standard deviation of the two stove 
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types. Oorja has much lower particle emissions than traditional stoves. Averaged EFPM is 
1.5 g/kg fuel with a standard deviation of 0.5 g/kg fuel, compared with 8.2±5.2 g/kg fuel 
for traditional stoves. We should note that EFPM for Oorja is only an apparent EF and a 
large portion of it comes from the background concentration as observed from the real-
time data. The actual PM emission factor from Oorja stoves would be even lower and 
possibly below the detection limit if we subtracted the mass of background PM from the 
total collected mass. We consider the calculated values as an upper bound for Oorja 
EFPM. Measured OC and EC concentrations are all near detection limit as well. All the 
calculations involved filter mass will not be performed for Oorja stoves because of the 
bias described above. Combustion efficiency from Oorja stoves used in real cooking is 
high (0.97-0.98) and CO emission factor is usually low, between 20-40 g/kg fuel. There 
were two tests (3014 and 3015) in which Oorja were tested for water boiling. The 
combustion efficiency is these two tests were lower, 0.93 and 0.89 respectively.  
Three tests were performed for traditional stoves with and without chimneys respectively. 
Combustion efficiency and PM emission factors are similar for the two stove types 
except for one stove without chimneys from which high PM emission was measured. The 
stoves with chimney emitted particles with higher EC/TC ratio. In India, each test was 
performed on different stoves, and therefore there is no comparison of emission when 
meals were cooked on the same stove. 
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Figure 8.8 Real-time emission for improved and traditional stoves in India. 
Results from (a) Test 3011 (Oorja) and (b) Test 3008 (traditional). Spike events indicate (1) lighting 
(2) adding fuel and (3) cooking. Note that the magnitude of secondary y axes is different in (a) and (b). 
8.5.4 Comparison of cookstove emission among different regions  
In this section, I compare the in-field emission properties from stoves tested in different 
regions. Results from Honduras tests (Roden, 2008) are also presented for comparison. 
Figure 8.9 shows the comparison of MCE, EFPM and EC/TC for different types of stoves.  
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Traditional stoves are defined differently in different regions. Traditional stoves are 
generally three-stone fire in Uganda, while in other three regions they are U-shaped. 
Traditional stoves in India are also divided into with chimney and without chimney, and 
they are similar to the traditional and improved stoves in Nepal respectively. Honduras 
traditional stoves have the lowest combustion efficiency with the average less than 0.90. 
Other traditional stoves have similar combustion efficiencies, with averages ranging from 
0.92 to 0.95. Combustion efficiency tested in the field is lower than that from laboratory 
tests, which is around 0.96-0.97 (Smith et al., 2000; Bhattacharya et al., 2000; Johnson 
et al., 2010). Nepal stoves have lower and less varied EFPM than other regions, 4.4±0.8 
g/kg fuel. Uganda and India with chimney stoves have the highest EFPM with average 
around 10 g/kg fuel. EC/TC ratio for traditional stoves also varied widely, with higher 
averages around 0.25 for Honduras, India with chimney and Nepal stoves and lower 
averaged around 0.10 for Uganda and India without chimney stoves.   
The design of India traditional stoves with and without chimneys is similar as Nepal 
improved Chula and traditional stoves respectively. Similar combustion efficiency, EFPM 
and EC/TC ratio were observed for India traditional with chimney and Nepal improve 
Chula. If the high-emission test is excluded, traditional stoves without chimney in India 
also have similar EFPM and combustion efficiency as Nepal traditional stoves, but the 
EC/TC ratio is lower. 
Improved stoves burn cleaner than traditional stoves in Honduras and India (significance 
level 0.05). In general, many of the improved cookstoves may be more fuel efficient, but 
combustion still needs to be cleaner.  
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Figure 8.9 Comparison of emission properties from stoves tested in Uganda, Nepal, India and 
Honduras. 
Figures show the average ± one standard deviation for (a) modified combustion efficiency (b) PM 
emission factors and (c) EC/TC ratio for each stove type We show average ± one standard deviation 
instead of boxplot because the results are too variable to show all the tests.  
175 
 
We provide emission profiles for all stove types in Uganda, Nepal and India with the 
fingerprint approach developed in Chapter 7. We investigate the contribution to total 
particle emission from combustion events with respect to modified combustion efficiency 
(MCE) and instantaneous scattering emission factors (IEFscat, a proxy of instantaneous 
particle mass emission factors). Optical properties (SSA and AAE) are not investigated 
here due to the lack of absorption data in all three sites.  
In Uganda, both traditional and improved stove have similar pattern on the correlation 
between MCE and IEFscat. For traditional stoves, events contributing most to the total 
emission are with IEFscat less than 100 m
2/kg fuel, while for improved stoves (StoveTec), 
some scattered events with IEFscat between 100 and 200 m
2/kg fuel also have high 
contribution to the total emission. The combustion efficiency is slightly lower for major-
contributing events from StoveTec.  
No high-emission events are observed from Nepal traditional stoves, and almost all the 
combustion events are concentrated in a range from 0 to 50 m2/kg fuel. The combustion 
efficiency spreads from 0.9 to 1. Improved stoves show a different pattern with several 
high-emission events. For those low-emission events, combustion efficiency lies around 
0.95.  
Both with and without chimney stoves are grouped together to represent India traditional 
stoves and the profile is similar to that of Nepal improved stoves. India improved Oorja 
stoves mainly emit particles under higher combustion efficiency (greater than 0.95 and 
most close to 1) with much lower IEFscat (less than 10 m
2/kg fuel) than other stoves. 
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Figure 8.10 Fingerprint plots of different stove types. Top: traditional stoves, bottom: improved 
stoves. Note that the scale of y-axis for India improved Oorja stoves is from 0 to 50 m2/kg fuel. 
8.5.5 Potential climate impacts of improved cookstoves 
We now take the Uganda stove emission data as an example to investigate the net climate 
impact of carbonaceous aerosols emitted when people switch from traditional open fire to 
improve cookstoves StoveTec. The climate impact can be simply calculated with the total 
amount of carbonaceous particles (BC and OC) emitted and the Simple Forcing 
Efficiency (SFE) as mentioned in Chapter 5 (Eq 5-3). 
(1) Amount of BC and OC emitted (in the unit of g/person-meal). Here we consider 
emissions for one person-meal. From the results presented in Figure 8.9 and Table 8.5, 
the PM emission per kg of wood is higher for StoveTec than traditional stoves. Fuel 
consumption per person-meal can be obtained from the collaborators in the same field 
campaign (USAID, 2011) PM emissions per person-meal can then be calculated by 
multiplying the fuel based emission factor PM EF with fuel wood consumption per 
0.5 0.6 0.7 0.8 0.9 1
0
100
200
300
400
500
600
700
IE
F
 s
c
a
tt
e
ri
n
g
 (
m
2
/k
g
 f
u
e
l)
Uganda
 
 
0.5 0.6 0.7 0.8 0.9 1
0
100
200
300
400
500
600
700
Modified combustion efficiency
IE
F
 s
c
at
te
ri
n
g
 (
m
2
/k
g
 f
u
e
l)
 
 
0.5 0.6 0.7 0.8 0.9 1
0
100
200
300
400
500
600
700
Nepal
 
 
0.5 0.6 0.7 0.8 0.9 1
0
100
200
300
400
500
600
700
Modified combustion efficiency
 
 
0.5 0.6 0.7 0.8 0.9 1
0
100
200
300
400
500
600
700
India
 
 
0.5 0.6 0.7 0.8 0.9 1
0
10
20
30
40
50
Modified combustion efficiency
 
 
0 2 4 6 8 10
177 
 
person-meal. Low fuel consumption of StoveTec compensates the higher PM emission 
per kg of wood, and results in slightly lower total PM emission when one person meal is 
prepared. BC emission is then derived from PM emission per person-meal and EC/PM 
ratio as obtained from Table 8.5. We assume the rest of the particles are organic matters 
and OM/OC ratio of 1.9 for fireplace combustion as reported by Turpin and Lim (2001). 
Calculated BC and OC emissions per person-meal are listed in Table 8.4. 
(2) Total burden of BC/OC from cooking in the atmosphere. Because aerosol has a finite 
lifetime in the atmosphere, seven days as reported by Textor et al. (2006), we need to 
calculate the climate impact of aerosols which are suspended in the atmosphere. To make 
a simple estimation, we assume a continuous emission from cooking, i.e., one person 
eating three meals per day. Then the emission rate can be calculated as emission per 
person-meals times three meals per person per day. Based on the box model (Jacob, 
1999), the atmospheric burden of BC/OC due to one person eating all the time can be 
calculated as the product of emission rate and aerosol lifetime. The results are shown in 
Table 8.4 
Table 8.4 BC and OC atmospheric burden per person and calculated forcing for traditional and 
improved stoves. 
Variables Traditional Improved (StoveTec) 
PM EF (g/kg fuel) 10.0 14.7 
Fuel consumption (kg/person-meal) 0.40 0.24 
PM emission (g/person-meal) 3.97 3.58 
BC/PM 0.13 0.31 
BC emission (g/person-meal) 0.52 1.11 
OC emission (g/person-meal) 1.82 1.30 
EC burden (g/person) 10.85 23.27 
OC burden (g/person) 38.21 27.27 
EC forcing (W/m2/person) 4.47E-12 9.58E-12 
OC forcing (W/m2/person) -1.87E-12 -1.34E-12 
EC forcing (W/m2) 0.0107 0.0230 
OC forcing (W/m2) -0.0045 -0.0032 
Net forcing (W/m2) 0.0062 0.0198 
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(3) Simple forcing efficiency (SFE, in the unit of W/m) for BC and OC separately. SFE is 
calculated with Eq 5-3, where SFE is the simple forcing efficiency (W/g), dS()/d is the 
wavelength-dependent solar irradiance, atm is the wavelength-dependent atmospheric 
transmission, which can be obtained from the ASTM G173-03 Reference Spectra, Fc is 
the cloud fraction (0.6), as is the Earth surface albedo 0.19,  is the backscatter fraction, 
and MSC and MAC are the mass scattering and absorption cross sections per gram, 
respectively. 
    
  
= −
1
4
  ( )
  
    
  ( )(1 −   )[2(1 −   )
  ( ) ∙    ( ) − 4   ∙    ( )] Eq. 8-10 
OC SFE was calculated in Section 5.10, and here we choose the values for OC generated 
at high temperature, with the integrated forcing efficiency of – 25 W/g along the 
wavelength range of 300-900nm.  
We consider BC as fresh aerosol as it is emitted from stoves. To calculate fresh BC SFE, 
we use the backscattering fraction, MSC and MAC provided by (Bond and Bergstrom, 
2006). Backscattering is considered constant, 0.17. MAC is 7.5 m2/g at 550nm, and MAC 
at other wavelengths are calculated by assuming it is depending inversely on wavelength, 
i.e., AAE = 1. MSC is calculated from MAC with single scattering albedo of 0.25. The 
estimated BC SFE is 210 W/g. We should note that this is only a simple calculation of 
forcing efficiency, BC SFE in the atmosphere can be higher than this due to internal 
mixing (Bond et al., 2006) and when BC is over clouds (Zarzycki and Bond, 2010).  
(4) Net climate impact (forcing in the unit of W/m2). Total forcing of BC/OC was 
calculated by combining SFE with BC/OC burden per person, considering the surface 
area of the Earth (5.10*1014 m2) and a total population of 2.4 billion (Warwick and Doig, 
2004) using stoves for cooking. Net climate impact from each stove type is the sum of 
total forcing from BC and OC (Table 8.4).  
By switching from traditional stove to StoveTec, the PM emission is reduced by 3%, but 
the emissions from StoveTec would have a larger warming effect due to the higher BC 
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fractions. The estimation here should be illustrative only. A full climate model would be 
necessary to determine the actual forcing caused by the stove emissions. 
8.6 Summary  
In-field tests were carried out in Uganda, Nepal and India for both traditional and 
improved cookstoves with a self-designed system to measure both real-time and test-
integrated properties and emission factors. The main findings are:  
(1) PM emissions are mainly produces by spikes, which occur during lighting, adding 
fuel or other operations on stoves. PM and CO emissions do not always correlate with 
each other. 
(2) Improved cookstoves may be more fuel efficient, but combustion still needs to be 
cleaner. Improved stoves tested in Uganda and Nepal have similar or event higher PM 
emission factors than traditional cookstoves.  
(3) Oorja gasifier stoves in India are the cleanest among all the types of stoves tested 
with PM emission factors low to 1g/kg fuel. 
(4) Similar types of cookstoves used in Nepal and India have similar emission factors and 
emission profile, indicating the region similarity of stove emissions in South Asia. 
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Table 8.5 Summary of test averaged emission factors (EF), optical properties and modified combustion efficiency (MCE) for Uganda tests. 
Test 
EFPM 
(g/kg) 
EFOC 
(g/kg) 
EFEC 
(g/kg) 
EFCO 
(g/kg) 
OM+EC 
(g/kg) 
EC/TC SSA AAE_BG 
MSC 
(m2/g) 
MACEC 
(m2/g) 
MCE 
Uganda improved 
HH3_Test2_A       0.43 2.51   0.93 
HH3_Test2_B       0.23 2.35   0.97 
HH3_Test7_A 25.7 14.5 4.2 85.7 31.7 0.22   3.0  0.93 
HH6_Test3_A 7.4 2.6 0.9 53.3 5.9 0.26 0.45 2.57 1.7 21.0 0.95 
HH6_Test8_A 14.1 7.7 3.3 93.9 17.8 0.30   2.3  0.92 
HH6_Test8_B 16.6 8.9 2.5 156.5 19.4 0.22   2.1 22.1 0.87 
HH7_Test4_A 10.5 3.9 1.5 95.7 9.0 0.28   2.2 25.8 0.92 
HH7_Test4_B 13.9 6.4 1.2 104.0 13.5 0.16 0.37 2.64 0.8 21.0 0.91 
HH9_Test11_A 5.8 0.4 1.4 32.2 2.2 0.78 0.40 2.39 1.4 10.7 0.97 
HH13_Test9_A 11.7 3.9 3.5 49.7 10.9 0.48 0.33 2.21 1.2 10.6 0.96 
HH13_Test9_B 13.9 5.7 2.9 118.4 13.9 0.34 0.54 2.61 2.2 11.4 0.90 
HH9_Test11_B 27.9 8.8 0.3 84.5 17.1 0.04 0.41 2.45 0.3  0.93 
average 14.7 6.3 2.2 87.4 14.1 0.31 0.39 2.47 1.73 17.52 0.93 
std. dev. 7.1 4.0 1.3 36.2 8.2 0.20 0.09 0.15 0.80 6.41 0.03 
Uganda traditional 
HH7_Test10_A 7.9 2.2 0.4 85.5 4.5 0.15 0.54 2.34 1.2 24.3 0.93 
HH7_Test10_B 5.1 2.4 0.6 92.5 5.1 0.20   1.4 20.1 0.92 
HH9_Test5_A 16.8 9.5 0.4 84.3 18.3 0.04 0.68 3.49 1.9  0.93 
average 10.0 4.7 0.4 87.4 9.3 0.13 0.61 2.91 1.48 22.19 0.93 
std. dev. 6.1 4.1 0.1 4.5 7.8 0.08 0.10 0.82 0.35 2.92 0.00 
* Particle emission factors were not obtained because filters were installed incorrectly. 
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Table 8.6 Summary of test averaged emission factors (EF), optical properties and modified combustion efficiency (MCE) for Nepal tests. 
Test 
EFPM 
(g/kg) 
EFOC 
(g/kg) 
EFEC 
(g/kg) 
EFCO 
(g/kg) 
OM+EC 
(g/kg) 
EC/TC SSA AAE 
MSC 
(m2/g) 
MACEC 
(m2/g) 
MCE 
Nepal improved 
2102 2.7 1.2 0.5 77.3 2.8 0.32 0.33 2.52 2.5  0.93 
2107 6.2 3.7 0.5 56.4 7.6 0.12 0.82 3.04 4.5 15.5 0.95 
2109 6.4 3.2 2.1 57.5 8.2 0.39   0.6  0.95 
2110 10.0 6.6 0.3 70.6 12.9 0.05   4.7  0.94 
2116 8.5 4.2 0.8 80.5 8.7 0.15   5.0  0.93 
2117 4.6 3.2 1.1 101.1 7.1 0.25 0.58 2.55 6.4 24.5 0.91 
2118 3.3 2.0 0.5 92.2 4.3 0.19 0.57 3.08 2.8 20.4 0.92 
average 5.9 3.4 0.8 76.5 7.4 0.21 0.57 2.80 3.79 20.11 0.93 
std. dev. 2.7 1.7 0.6 16.7 3.3 0.12 0.20 0.31 1.93 4.48 0.01 
Nepal traditional 
2103 4.8 2.2 0.6 29.8 4.8 0.23 0.15 2.79 0.8 42.6 0.97 
2111 4.1 1.5 1.4 28.2 4.3 0.47   1.7  0.98 
2113 5.2 6.4 1.3 110.6 13.6 0.17 0.46 3.14 2.1 12.6 0.91 
2114 3.5 3.9 1.2 70.2 8.6 0.23 0.50 3.21 2.7 10.9 0.94 
average 4.4 3.5 1.1 59.7 7.8 0.27 0.37 3.05 1.84 22.04 0.95 
std. dev. 0.8 2.2 0.3 39.1 4.3 0.13 0.19 0.23 0.81 17.85 0.03 
Nepal other 
2119 0.2 0.2 0.0 22.1 0.3 0.07   2.0  0.98 
2120 0.8   161.1 0.0    2.5  0.86 
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Table 8.7 Summary of test averaged emission factors (EF), optical properties and modified combustion efficiency (MCE) for India tests. 
Test 
EFPM 
(g/kg) 
EFOC 
(g/kg) 
EFEC 
(g/kg) 
EFCO 
(g/kg) 
OM+EC 
(g/kg) 
EC/TC SSA AAE 
MSC 
(m2/g) 
MACEC 
(m2/g) 
MCE 
India improved 
3004 1.7 0.4 0.0 32.0 0.7 0.10     0.97 
3011 2.3 0.3 0.2 20.8 0.7 0.33     0.98 
3012 1.6 0.0 0.3 20.9 0.3 1.00     0.98 
3013 1.9 0.3 0.1 25.2 0.7 0.25     0.98 
3014 0.8 0.1 0.0 85.5 0.2 0.38     0.93 
3015 1.7 0.2 0.1 124.5 0.4 0.27     0.89 
3016 0.8 0.2 0.1 37.3 0.5 0.23     0.97 
3017 1.1 0.2 0.0 31.5 0.4 0.13     0.97 
3018 1.5 0.5 0.2 32.4 1.1 0.28     0.97 
average 1.5 0.2 0.1 45.5 0.6 0.33     0.96 
std. dev. 0.5 0.2 0.1 35.5 0.3 0.27     0.03 
India traditional 
3002 5.8 3.2 0.3 33.8 6.3 0.08 0.53 3.25 1.6  0.96 
3006 18.4 11.0 0.6 59.6 21.5 0.05 0.86 5.11 2.4 19.2 0.93 
3007 4.7 2.3 0.5 69.9 4.9 0.17 0.46 3.64 1.1 17.3 0.91 
3008 5.2 1.4 0.9 29.9 3.6 0.39   2.3  0.96 
3009 8.8 2.3 0.6 43.6 4.9 0.21   1.1  0.95 
3010 6.4 3.0 0.5 63.2 6.2 0.15   1.5  0.92 
average 8.2 3.9 0.6 50.0 7.9 0.17 0.62 4.00 1.66 18.24 0.94 
std. dev. 5.2 3.6 0.2 16.6 6.8 0.12 0.21 0.98 0.55 1.32 0.02 
India other 
3001 1.3 0.4 0.0 17.8       0.98 
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9 Conclusions and future research 
9.1 Summary of findings  
Light absorption by organic carbon (OC) 
I developed a method to measure light absorption of organic carbon in the bulk liquid 
phase, and compared the results for OC generated in a laboratory combustor at different 
generation temperatures, wood types and wood sizes. I also compared absorption of OC 
extracted by solvents with various polarities. The main findings are: 
(1) Biofuel combustion produces yellow or brown carbon. Absorption increases as 
wavelength decreases at the wavelength of 300-800nm. 
(2) Methanol extracts almost all of the total organic carbon, while the portion of water-
soluble OC is 51-88% and depends on generation temperature. 
(3) Water-soluble OC absorbs some light. However, a large fraction of the absorption 
part is water-insoluble, but extractable by methanol, and this material has greater 
absorption per mass.  
(4) Increasing generation temperature and possibly, longer residence time in the wood 
produce higher absorption. Wood type has a smaller effect on absorption. 
(5) Semi-volatile OC does not contribute to visible absorption.  
(6) NMR analysis demonstrates that high absorption comes from large molecules 
containing C-C double bonds or aromatic rings. 
Expected impacts: I provide estimates for the absorption per mass of carbon and thus the 
imaginary refractive indices of non-volatile OC at varying generation temperatures. The 
values are neither zero nor the same as that of water-soluble OC, which are commonly 
applied in the current climate models. I tabulate the absorption per mass and imaginary 
refractive indices, and the values can be used as input for climate modeler.  
Mass absorption cross-section (MAC) of black carbon (BC) 
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I reviewed that artifacts associated with mass and absorption measurements, which are 
used to infer BC MAC. I tabulated the results of measured ambient BC MAC from 
literature with different mass and absorption methods. The main findings are 
(1) Most of measured MAC of ambient BC lies in the range of 3-20m2/g. Averaged MAC 
for ambient BC from literature is 10.3m2/g with a standard deviation of 4.2m2/g. 
(2) Although BC MAC can vary from sample to sample, there are certain trends for 
different measurements. For the commonly used absorption techniques, filter-based 
methods (AE and PSAP) provide more variant and higher MAC than in-situ 
absorption measurement (PAS) and MAAP which corrects for scattering. For the 
commonly used EC mass measurements, semi-continuous analyzers measure higher 
MAC than sample-integrated techniques.  
(3) Intercomparison studies show consistent trends of difference between measurements. 
Thermal transmittance method infers higher MAC than do those methods which 
remove OC before EC mass analysis. MAC inferred from aethalometer is higher than 
that inferred from PAS and PSAP. 
(4) BC MAC reduces by 13-40 percent when OC is removed by a thermal denuder. MAC 
shows smaller variance when organic aerosols were removed before both EC mass 
and absorption measurement. It is recommended that future studies apply OA 
removal techniques to obtain EC MAC for ambient samples to reduce the uncertainty.  
Expected impacts: This research summarizes measured mass absorption cross-section of 
black carbon reported in the published papers for the first time in the literature. 
Comparisons show that there are certain trends of measured MAC with different 
methods. This research also provides recommendations for the future BC MAC 
measurements.  
Emission profile of biofuel combustion 
I described an approach to characterize emission profiles (or fingerprints) from biofuel 
combustion by utilizing statistical analyses and real-time data. I applied the approach to 
compare emissions from traditional and improved cookstoves in the field tests, as well as 
emissions measured in the field and in the laboratory. The main findings are: 
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(1) The fingerprint approach can be used to portray emissions from certain combustion 
type and then explain the difference among different types of combustion. 
(2) Improved cookstoves reduce emissions by eliminating formation of OC with high 
SSA, which occurs at low combustion efficiency. However, they may also increase 
the production of black particles. 
(3) In the laboratory a large part of emission is missing for particles with greater SSA 
which generally produces under low combustion efficiency and we should seek for a 
way to add this part in the future cookstove testing.  
Expected impacts: This work introduces a way to investigate emissions from highly 
variable combustion sources and provides insight of emission characteristics beyond the 
test average. It determines how the total emission is contributed by individual combustion 
events with time-resolved properties. This can help to understand emission patterns from 
different types of combustion sources and provide possible explanations on why the 
difference happens. The approach can also be applied to other combustion sources as 
well, such as open biomass combustion and diesel engine.  
Cookstove emission measured from in-field tests  
I established the groundwork of data processing for the newly developed cookstove 
sampling system and interpreted the emission data obtained from in-field cookstove tests 
in Uganda, Nepal and India. The main findings are: 
(1) PM emissions are mainly produces by spikes, which occur during lighting, adding 
fuel or other operations on stoves. PM and CO emissions do not always correlate with 
each other. 
(2) Improved cookstoves may be more fuel efficient, but combustion still needs to be 
cleaner. Improves stoves tested in Uganda and Nepal have similar or event higher PM 
emission factors compared with traditional cookstoves.  
(3) Oorja gasifier stoves in India are the cleanest among all the types of stoves tested 
with PM emission factors low to 1g/kg fuel.   
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(4) Similar types of cookstoves used in Nepal and India have similar emission factors and 
emission profile, indicating the region similarity of stove emissions in South Asia. 
Expected impacts: This work extends our previous cookstove measurements from 
Central America to African and Southeast Asia. It provides additional information of 
particulate matter, OC and EC emission factors and particle optical properties from 
biofuel combustion to the current databases for emission inventories and climate models. 
The groundwork built in my research will help to set up a general operation procedure for 
future cookstove measurements.  
9.2 Recommendations for future research 
OC measurement 
Extending the spectral range of OC absorption: In my results, the valid range of OC 
absorption ends around 500nm, and absorption measured at longer wavelength was 
usually below the lowest detection limit. This is because sample amount needed to be 
balanced between mass measurement and absorption measurement. OC in the extracts 
were determined by the difference of filter loading before and after extraction, and the 
loading had to be low enough to avoid the off-scaled FID signal. I suggest an 
improvement on the determination of extracted OC by pipetting a droplet of OC extracts 
on the clean quartz filter and directly measuring OC mass after the filter is dried. By this 
means, measurement of OC mass will no longer be the limitation of high-concentrated 
extracts. Measured OC absorption could be extended to longer wavelength (600-800nm). 
The absorption at longer wavelength is not important with regard to the contribution to 
total climate impact of brown carbon as suggested in the forcing estimation (Figure 5-16). 
However, extending the absorption to longer wavelengths makes the comparison between 
absorption in bulk liquid phase and particle phase possible since most in-situ absorption 
measurements are operated at wavelengths longer than 500nm.  
Comparison of absorption in bulk liquid phase and particle phase: My results indicate 
that absorption measured from bulk liquid phase is quite different from particulate 
absorption measured by PSAP (Section 5.4). The difference cannot be fully explained by 
the theoretical relationship between the two values. The difference could be attributed to 
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the artifacts of PSAP absorption measurement or possible particle loss during filtration. 
Moreover, the absorption properties of OC may be changed because OC in suspended 
aerosol is much more concentrated than it is in the solution. I suggest measuring 
absorption for suspended particles with in-situ methods such as photoacoustic 
spectrometer or extinction cell, and collecting OC samples simultaneously for bulk liquid 
analysis. In-situ absorption measurements have been used to compare with filter-based 
particulate absorption measurements, such as PSAP, but not with bulk liquid analysis yet. 
The challenges can be seeking for the optimal mass concentration between the two 
measurements as well as a wavelength ranges where results from both types of 
measurements are valid. Most of the photoacoustic absorption measurements are operated 
at wavelengths longer than 500nm, but the absorption measured in bulk liquid would be 
very low at this range. Extending the spectral range of OC absorption as suggested in the 
previous paragraph will make the comparison possible. 
Further functional group analysis of OC: Liquid NMR has proven to be an applicable 
method to analyze functional groups of OC with sufficient sample size and appropriate 
solvent and it provides more resolved 13C NMR spectra than solid-state NMR. I have 
integrated peak area over regions to explain the difference between solvent extracts. 
Detailed OC function groups can be further interpreted by carefully analyzing the major 
peaks and combining the analyses with model compounds. Analysis can also be 
performed with two-dimensional NMR to obtain more detailed information on chemical 
structures of OC. Elemental analysis of organic matter can also be incorporated with 
functional group analysis with instruments such as a CHN analyzer. It has been reported 
that compounds with C-N bonds also contributes to light-absorbing OC (Sareen et al., 
2010; Shapiro et al., 2009). Elemental analysis can help to identify the N content in the 
light-absorbing organic matter. 
Relationship between OC absorption and other climate relevant properties: The 
relationship between OC absorption and other climate relevant properties, such as 
hygroscopicity needs to be established. Absorption of secondary organic aerosols (SOA) 
formed under transformation of primary OC needs to be studied to fully understand the 
climate impact of OC from biofuel combustion.   
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Measurement on BC MAC 
OC removal from ambient samples prior to measurements: OC is known to cause 
artifacts in both EC mass and absorption measurements, and the effects has been 
confirmed with experiments that applied thermal denuder to remove OC. I recommend 
removing OC for ambient samples prior to BC MAC measurements. A thermal denuder 
or heating outlet can be used for this purpose. The temperature has to be carefully chosen 
to remove all OC with very little charring occurrence.  
Application of instruments with fewer artifacts: BC MAC varies sample to sample 
largely because of the artifacts from instruments. I recommend the use of instruments 
with fewer artifacts such as single particle soot photometer (SP2) for mass measurement 
and photoacoustic spectrometer for absorption measurement if they are affordable. If 
filter-based measurements (PSAP or AE) are the only option for absorption measurement, 
filter effects and loading effects should be applied. 
Variables reported together with BC MAC: Wavelength at which absorption 
measurement is performed should always be reported together with BC MAC. One can 
never compare two MAC values without paying attention to the spectral dependence of 
absorption. 
Testing of cookstove emissions 
Study design for future field testing: It wouldn’t be feasible to test many stoves in the 
field due to the limitation of the conditions, and only few tests may not be representative 
for the total population. Fingerprint approach can be used to determine an appropriate 
number of tests. Real-time results from ten to fifteen tests can capture the emission 
profile of stoves from a certain region. Three to five replicates would be applied to make 
sure the tests are running functionally. The current field testing system should be 
improved for future testing. It is better to choose stove operators with average operating 
experience in the region.  A standard operation protocol is needed for the in-field stove 
sampling system so that community researchers from sampling sites are able to operate 
the system and obtain results by their own. Filter installation is a normal but critical issue, 
which must be well documented; otherwise, no basic data on emission factors would be 
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obtained if filters were installed incorrectly. Real-time measurement must have a reliable 
flow system. It is important to monitor the flow rate through each testing device and 
maintain it constant if possible. It could be useful for future data interpretation to record 
wood type, wood size and food cooked in the field tests. Because PM spike generally 
occur during lighting and adding fuel into the stoves, it is recommended to record the 
timestamps when spikes are observed. In order to calculate accurate real-time properties, 
the time lag between different real-time devices (e.g., gaseous carbon and particle 
emissions) has to be determined.  
Making laboratory tests reproduce field variations: It is impossible to take in-field tests 
all over the world for all of the cookstoves. Laboratory testing is still the final option for 
stove emission measurements. Guidance is needed for laboratory tests to make results 
from laboratory tests better represent field emissions. Laboratory test protocols should be 
based on a distribution of observed emission profile of different particle types in addition 
to the real-time MCE as suggested by Johnson et al. (Johnson et al., 2010). Basically, 
laboratory tests need to be able to reproduce the combustion events with whiter particles 
generated under lower combustion efficiency. High emission events (spikes) generally 
come from lighting and this step has to be performed in the laboratory tests as well. 
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